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The minority-charge carrier lifetimes in compound III-V semiconductors have 
historically been measured by transient or time-resolved photoluminescence 
(TRPL) rather than by the photoconductive decay techniques that are used 
for silicon. 
There are many publications describing the various methods of minority-
charge carrier lifetime measurement in semiconductors. Two recent textbooks 
provide descriptions of a variety of lifetime measurement techniques [1, 2]. 
These techniques can be divided into contacting and non-contacting tech-
niques. The former techniques require the preparation of contacts for electrical 
wires, which are connected to the measurement system. Contacting lifetime 
measurements include photoconductive decay and current or voltage decay in 
junction devices. 
A number of contactless minority-charge carrier lifetime measurement tech-
niques are described by Schroder [1]. These include photoluminescence decay, 
transient free-carrier absorption, and microwave reflection. Some of these re-
quire complicated multiple parameter fits to the data. 
The photoluminescence decay methods include the phase-shift and time-
resolved photoluminescence techniques. The phase-shift technique is reviewed 
by Ahrenkiel [3], and its limitations are discussed. In particular, phase shift 
data analysis assumes a pure exponential decay of the photoluminescence (PL) 
signal. As minority-charge carrier decay may be nonexponential, the phase-
shift analysis will sometimes fail to accurately describe the decay. The prefered 
method for compound semiconductors is the time-resolved photoluminescence 
technique called time-correlated single photon counting (TCSPC). With the 
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TCSPC technique also nonexponential decay curves can be measured. It is a 
sensitive, contactless technique and lifetimes can measured at very low injec­
tion levels. The TCSPC method is described in detail by Demas [4]. Another 
useful and extensive description is presented in the book by O'Connor and 
Phillips [5]. The photon counting technique was first applied to semiconduc­
tors by Bachrach [6]. 
1.2 Experimental Arrangement 
The single photon counting technique relies on the concept that the probability 
distribution for emission of a single photon after an excitation event yields the 
actual intensity distribution in time of all the photons emitted as a result of 
the excitation. By sampling the single photon emissions that follow a large 
number of excitations, the experiment constructs this probability distribution. 
With reference to Fig. 1.1 the experiment is carried out as follows: a mode-
locked Ar4"-laser [7,8] generates a pulse (λ = 514.5 nm, FWHM ~ 150 ps, 
^pulse-train = 82 MHz), which synchronously pumps a cavity-dumped dye-
laser. The choice of the dye determines the output wavelength range of the 
excitation pulse. In our case Rhodamine 6G was used, so that with help of the 
biréfringent filter (BF) we can vary the excitation wavelength, λ, between 580 
and 630 nm. The acousto-optic cavity-dumper is used to adjust the frequency 
of the excitation pulses from 400 Hz to 4 MHz [9]. The width of the output 
pulse is ~ 6 ps. 
To monitor the performance of the laser system an autocorrelator was built 
that measures the width of the pulse (see Fig. 1.2). The pulses from the 
laser are sent into a modified interferometer. In one of the interferometer 
arms a rotating glass block is inserted to continuously vary the length of the 
optical path at a repetition rate of 30 Hz. The thickness of the glass block 
is chosen such that the difference in optical path length introduced by the 
rotating block is comparable with the pulse width. The two beams, which 
emerge parallel but not collinear, are focussed by a lens in such a way that 
both the focus points coincide in the centre of the ІЛІО3 crystal. The non­
linear crystal is oriented in a way that sum-frequency radiation is generated 
in a direction bisecting the two incoming beams. A signal is generated only 
when both pulses are simultaneously present in the crystal. By delaying one 
pulse relative to the other (i.e. rotating the glass block) the pulses shift and 
with it the intensity of the autocorrelation signal is varied which is displayed 
on the screen of an oscilloscope. The autocorrelation system is discussed in 
more detail by Hollering [10]. 
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Figure 1.2: Schematic of the autocorrelator system used to measure the width 
of the dye-laser pulse (after Ref. [10]). 
The mode-locker of the Ar+-laser generates an electrical (sync.) pulse 
at a time exactly correlated with the time of generation of the optical pulse. 
This trigger pulse is sent to the START input of the time-to-amplitude con­
verter (TAC) which initiates the charging of a capacitor. In the meantime 
the optical pulse excites the sample, which subsequently starts to luminesce. 
The sample is placed in a He-cooled continuous flow cryostat that permits 
temperature controlling from 4.2 К to room-temperature. A long pass filter 
(^cut-on = 630 or 645 nm) is used to separate the recombining photons from 
reflected laser light. Hereafter, the photons are dispersed by a 1-m monochro-
mator, the aperture of which has been adjusted so that at most one photon 
is detected for each exciting event. The cooled photomultiplier (PM), which 
is specially suited for single photon counting (i.e. low dark-count level, high 
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gain, low transit-time spread and single photon distribution [11]), converges 
the incoming photon into an electrical pulse, which stops the charging of the 
capacitor in the TAC via the STOP input. The TAC emits a pulse, the am-
plitude of which is proportional to the voltage drop across the capacitor, and 
hence to the time difference between START and STOP pulses. The TAC 
output pulse is given a numerical value in the analogue-to-digital converter 
and a count is stored in a corresponding address of the data storage device, 
the multi-channel analyser (MCA). Excitation and data storage are repeated 
in this way until the histogram of number of counts versus address number 
in the storage device represents the decay curve of the sample to the required 
precision. This decay curve is shown on a monitor (see Fig. 1.3). 
As the output of the photomultiplier consists of a broad distribution of pulse 
heights it is essential to route these pulses through a discriminator in order to 
improve the signal-to-noise ratio and to furnish the TAC with constant am-
plitude pulses that are independent of the PM-pulse shape. Because the PM 
pulses (in most cases) only vary in amplitude a constant fraction discrimina-
tor (CFD) is used. With this type of discriminator the PM-pulses are timed 
from a point on the leading edge that is a fixed fraction of the pulse height. 
Furthermore, an amplifier is used because most PM pulses are not of sufficient 
amplitude to trigger the discriminator. The variable delay line serves as a 
means of configuring the TAC-MCA combination in such a way as to achieve 
optimum placement of the decay curve in the MCA channels. The rate meter 
is used to monitor the converted TAC signals so that a correct rate of the 
detected photons is maintained [5]. 
1.3 Statistics, Precision and Resolution 
In an ideal single photon counting experiment each photon emitted by the 
sample as a result of an excitation is timed and recorded. In reality only 
the first photon in a given time interval after the excitation is detected. The 
statistics that result from this are discussed by different authors [12-14]. 
After one excitation of the sample an average number of photons z¿ impinge on 
the cathode of the PM during time interval ¿¿_i/2 to í¿+i/2> which corresponds 
to the time width of address i, a channel in the MCA. Mandel and Wolf 
[15] showed, following the fact that the probability of emission of a given 
number of photoelectrons in the ith time interval is given by the Poisson 
distribution, that the number of anode pulses (PM pulses) NA is proportional 
to the luminescence at time t: NA — Nßqzi. Here, NE is the number of 
excitation cycles, calculated from the known repetition rate of the laser system 
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and the total time of data collection, and q is the quantum efficiency of the 
PM (q ~ 11%). Because the TAC detects only the first photon in a given 
time interval, the number of counts in the rth channel will not equal Ν A- This 
number Ni is related to NA by the following equation [16]: 
Because the sum of the number of photons, S j Nj, detected in the previous 
channels of the MCA is always at most equal to the total number of detected 
pulses NJJ (J2j Nj < ND, ND is counted by the rate meter) it follows that for 
ND <C NE the number of counts in channel i, Ni, will equal the number of 
detected anode pulses NA- In that case, Ni is proportional to the luminescence 
intensity at time í¿. So if the ratio of detected photons to excitation events 
FD = ND/NE is maintained low, the measured decay curve represents the real 
decay curve to within appreciable error. Coates [16] calculated that an upper 
limit of FD = 0.1 can be tolerated without the introduction of significant er-
ror. Hence, in our experiments always FD < 0.1. 
In a TCSPC experiment two types of noise can be distinguished. The first 
is background noise, which results from dark counts from the PM and leak-
age light. Background noise is easily corrected for by subtracting the average 
number of noise counts form the collected data. Usually this kind of noise 
is low because the PM has low noise characteristics and the experiment is 
carried out in the dark. The second type of noise is the counting error which 
varies from channel to channel. As the probability of observing any number 
of counts is given by the Poisson probability function, the variance a¿ in the 
number of counts in a given channel equals the square root of the total counts 
(a¿ = y/Ñ¡). For example, the counting error is approximately 5% in the chan-
nels were the curve has decayed to 400 counts [5,17]. 
Many other factors affect the sensitivity and accuracy of the lifetimes derived 
from a measured decay curve: excitation pulse instability, spread in the pho-
tomultiplier transit time, jitter in the electronics, uncertainty in the channel 
calibration, pulse pile—up, after-pulses from the photomultiplier, variation of 
the optical path through the monochromator etc... Most of these distortions 
have been eliminated at source by adjusting the operating conditions of the 
instrument [18]. 
The influence of the aforementioned distortions is evaluated if we know the 
response of the measurement system on the 6 ps excitation pulses of the dye-
laser. This so-called instrument response function is obtained if we replace 
the sample by a light-scatterer. Figure 1.3 shows such an instrument response 
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Figure 1.3: TRPL-spectrum of the response function (A), obtained by placing 
a light-scatterer in the sample-holder. The width of the pulse is At ~ 600 ps, 
whereas its decay rate equals τ a 525 ps. Curve В is an example of a measure­
ment on a double heterostructure (n = IO1 6 cm~3 doped Alo.20Gao.80 A s /GaAs 
DHS at Τ = 118 К). A fitting procedure following the least squares technique 
yields TpL =19.6 ns. 
function together with an example of a measured decay curve. In our case 
the FWHM of the response function is ~ 600 ps. The decay time of the re­
sponse function is r ~ 525 ps. This indicates that for measured lifetimes of 
TpL < 0.8 ns mathematical deconvolution techniques are needed to appropri­
ately determine the decay rate of the minority-charge carriers [5]. If, however, 
it is readily established that the width of the instrument response curve is neg­
ligible compared with the measured lifetime, the decay data can be assumed 
to be not distorted and analysed accordingly. 
In all cases of single exponential decay the recorded data were fit according to 
the least-square technique [19]. If the measured decay was nonexponential or 
two-exponential other fit procedures were carried out (see Chapter 2). 
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This chapter describes the various possible recombination mechanisms in semi­
conductor materials. If time-resolved measurements are performed on single 
layers of epitaxially grown semiconductors (epi-layers) the large recombina­
tion velocities at the free surface [1,2] and the substrate/epi-layer interface 
are generally the cause that non-radiative recombination at this surface and 
interface dominates the decay-time. By using isotype double heterostructures 
(DHSs) the effects of surface and substrate recombination are eliminated [3]. 
A DHS consists of an active layer which is sandwiched between two barrier 
layers (see Fig. 2.1). The band-gap of the active layer (E
a
) is lower than 
those of the barrier layers (Еь)· In this way the injected carriers are confined 
to the active region because of the barriers presented by the band-gap discon­
tinuities AEC and AEV. Both the active and barrier layer materials have the 
same lattice constant, thus maintaining the periodicity of the crystal. Most of 
the decay-measurements, that are described in this thesis, are performed on 
double heterostructures. 
2.2 Time-dependent Continuity Equation 
In a non-degenerate semiconductor, the equilibrium density of the electron-
hole pairs is constant at a given temperature. The law of mass action [4] 
relates the product of the free electron density η and the free hole density ρ 
to the intrinsic carrier concentration щ, which is specific to a material: 
np = n¡(T), (2.1) 
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Figure 2.1: Schematic overview of a double hetero structure (DHS) with n-type 
doped active layer. Indicated are the active layer thickness (d), the band-gap of 
the active layer (E
a
), the band gap of the barrier layer (Еь), and the band-gap 
discontinuities (AEC, ΔΕν). The incoming photons create electron-hole pairs 
that recombine via deep levels or radiatively. 
Here, Γ is the absolute temperature in degrees Kelvin. If the medium is 
doped with donors or acceptors, the minority-charge carriers are holes or 
electrons, respectively. The majority-charge carrier density is produced by 
the shallow donors (No) or acceptors (NA) and approximately equals the 
doping concentration. If both donors and acceptors are present compensation 
occurs. Hence, for a net η-type semiconductor the majority-charge carrier 
concentration is no = (Np — NA) while the minority-charge carrier density 
equals po = η%/(Νο — NA)· If excess carriers are - electrically or optically -
injected into the semiconductor, a non-equilibrium concentration is created: 
the product np is larger than nj. Thermodynamics will drive the system 
toward the equilibrium in Eq. 2.1. This equilibrium is restored via the various 
recombination mechanisms. 
If we assume that at a time t = 0 s an excess density of charge carriers 
Δρ is created by an optical injection pulse, <5(i), then the behaviour of this 
excess charge carrier density in time and place is obtained by solving the 
time-dependent continuity equation [5]: 
dAp(r,t) 
dt 
= DV(Ap(?,t)) Ap(r,t) | ßEdAp(r,t) 
τ dr 
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- +ßP{r,i)^ + FQ{l-R)ae-^6{t). (2.2) 
Here, r is the recombination lifetime which can be a function of other param-
eters. The minority-charge carrier diffusion coefficient D is connected to the 
mobility, μ, via the Einstein relation: D = {kßTlq)ß. The electric field in the 
semiconductor device is denoted by E. The number of injected photons per 
unit area is Fo and R corrects for the reflection of the cladding layer. The term 
ae~
ar
 results from Beer's law of absorption and the laser excitation pulse is 
represented by a delta-function, <5(i). 
For a DHS the cross-sectional dimensions are much larger than the thick-
ness. Furthermore, internal electric fields can be neglected in the active 
layer. Therefore, the three-dimensional continuity equation reduces to the 
one-dimensional diffusion equation: 
(2.3) 
The minority-charge carrier diffusion problem has been treated by several 
authors in various structures [6-10]. For a DHS with an active layer thickness 
d the boundary conditions equate the diffusion current (left-hand terms in 
Eq. 2.4) to the recombination currents, qS\ and qS2, at the interfaces [11]: 
qDdp(x,t) 
dx 
_ =qp(0,t)Sl and qD?&LÙ = -qp(d,t)S2. (2.4) 
x—d 
For the case of equal interface recombination velocities (S\ = S2 — S) the 
solution of Eqs. 2.3 and 2.4 is: 
00 
p(x, t) = po + e-^T Σ е- в ^Лп(сов(7„х) + (5/ 7 f t D) sin( 7 nx)) (2.5) 
n=l 
where 




№ + (S/D)*)d + 2S/D Ы + cfi) [¿-b) 
and the 7„-terms are found by solving the transcendental equation: 
tanf^y d) - 2bnd){Sd/D)_ t a n ( 7 n d J - ( 7 n d ) 2 _ ( 5 d / j D ) 2 . {¿Л) 
Assuming radiative decay only, the photoluminescence intensity versus time, 
which is the function that is actually measured in a TCSPC experiment, reads: 
IPL[t) =B /((po + p(x,t))(no + p{x,t)) - nj)dx (2.8) 
j d 
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where S is a constant which depends upon the parameters of the semicon-
ductor. The term Bn2 originates from the blackbody radiation of the sample. 
Under steady-state excitation p(x, t) remains constant in time and IpL is con-
stant. If, however, the excitation is pulsed p(x,t) will decrease as a cause 
of recombination and the photoluminescence decays accordingly. This is the 
relevant process in the measurement of the minority-charge carrier lifetime in 
a TRPL experiment. 
One can now define an instantaneous decay rate, rp¿, as: 
^ = -(f)/W. (2.9) 
τρι at 
In the case of a single-exponential decay this decay rate is constant and equal 
to the logarithmic decrement of the photoluminescence intensity. It is then 
called the effective or photoluminescence lifetime: 
T P L = ( - | l n ( / p L ( i ) ) ) _ 1 . (2.10) 
This photoluminescence lifetime can be well approximated by [8,12]: 
The term between brackets is often refered to as the surface lifetime r
s
 and 
will be described in Section 2.5. The first term on the right hand side is the 
composite minority-charge carrier lifetime τ of the bulk of the material. It is 
obtained by adding the inverse lifetimes of the different possible recombination 
processes: 
- = Σ Γ = Ί Γ - + - + T + - · (2.12) 
Τ i Ti ψΤταά TSRH Tdisloc. Τ Auger 
The radiative lifetime rTad is multiplied by the photon recycling factor ф which 
accounts for the effects of re-absorption of radiative recombination (see Sec­
tion 2.3.1). The last three terms on the right-hand of Eq. 2.12 are connected 
to non-radiative recombination processes. Equations 2.11 and 2.12 indicate 
that the smallest value of the separate lifetimes will generally determine the 
photoluminescence decay-time. The next sections will discuss the various de­
cay mechanisms, mentioned in Eqs. 2.11 and 2.12, for DHSs under different 
experimental conditions. 
2.3 Radiative Decay 
2.3 Radiative Decay 
Radiative transitions occur when an electron in the conduction band recom-
bines with a hole in the valence band and the excess energy is emitted in the 
form of a photon. Hall [13] described the band-to-band radiative recombina-
tion processes in semiconductors in terms of a recombination rate: 
R = Bpn = B(po + p(x, t))(no + p(x, t)). (2.13) 
The radiative lifetime rr0(¿ equals: 
r - — — „ ¡M — (2.14) 
B(n0 + Po) BNmaj 
since in most cases either one of the carrier concentrations po or no dominates. 
Because it is safe to assume that the excess carriers are uniformly distributed 
over the active layer (p(x,t) = p(t); see Section 2.5) we can define the nor-
malised carrier density, I(t), as the ratio of the excitation density to the doping 
concentration: 
Щ = ^ . (2.15) 
With Eqs. 2.13 and 2.14, the radiative decay is then described by the following 
differential equation: 
дЩ_ I(t)(J(t) + í) 
dt Tra<i 
where at relatively high excitation densities the /2(i)-term will dominate and 
the decay curve shows a non-exponential (hyperbolic) behaviour. This is 
referred to as bimolecular decay. The solution of Eq. 2.16 is [12]: 
Jne-t/Tra,d 
Щ = i £ - -
 г г
— ~ (2.17) 
w
 1 + / 0(1 - e-^rad) v ' 
where IQ is the ratio of the injection level to the doping density at í = 0 s. As 
already mentioned in Section 2.2 the coefficient В depends on the semiconduc­
tor characteristics and arrives from summing the dipole matrix elements that 
connects the valence and conduction bands. According to Eq. 2.14 the radia­
tive recombination coefficient determines the maximum lifetime in a sample. 
For high-quality structures the measured lifetime approaches the theoretical 
value of the radiative lifetime for that structure. The fraction of the effective 
lifetime to the radiative lifetime is known as the quantum efficiency η. 
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The radiative recombination coefficient В in different semiconductors has 
been treated by various authors [14-16]. Here, В will be calculated in different 
ways for the various direct band-gap semiconductors that are reported in this 
thesis. 
Hall [13] calculated B, assuming parabolic bands: 
В = 0,S χ 1 0 - ^ ( - | ^ ) 3 ' 2 ( l
 + ± + J j j ( | ° ) 3 / 2 ^ (2.1 8) 
where e
r
 is the relative dielectric constant, m* and m*h are the electron and 
hole effective masses, respectively, in units of the free electron mass and Eg 
is the band-gap. Garbuzov [17] used a quantum-mechanical calculation to 
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Lasher and Stern [18] calculated В under the assumption that the momentum 
matrix for radiative transitions is the same for all initial and final states, i.e. 
that there is no momentum selection rule: 
















with N the refractive index of the semiconductor material, m*h and m*hh the 
light hole and heavy hole effective masses, respectively, in units of the free 
electron mass, Δ the spin-orbit energy, h Planck's constant, с the speed of 
light and кв Boltzmann's constant. 
Van Roosbroeck and Shockley [19] related the spontaneous emission spec­
trum as a function of photon energy ζ(Ε) to the absorption coefficient a(E) 
by using the detailed balance approach: 
in which N(E) is the energy-dependent refractive index. 
The radiative recombination rate can then be calculated by dividing the ther­
mal generation rate, integrated over all photon energies, by the square of the 
intrinsic carrier concentration: 
nj 
2.3 Radiative Decay 27 
Table 2.1: Calculated and experimentally deduced values of the radiative 
recombination coefficients В for GaAs, AIQ^QGOQ^QAS , AIQ^o GOQ^O A s and 
GaInP2 . All values are in units of 10~10 cm3/s (n.av. = not available). 
Hall (Eq. 2.18) 
Garbuzov (Eq. 2.19) 
Lasher (Eq. 2.20) 



























bFrom Ref. [31]. 
Table 2.1 shows the results of the calculations of the radiative recombina­
tion coefficient В on the basis of Eqs. 2.18-2.22 for GaAs, Alo.10Gao.90As , 
Alo.20Gao.80As and disordered GaInP2 . Experimentally deduced values of В 
are also tabulated. 
The values of the band-gap energies, dielectric constants, and effective 
masses are taken from Ref [20] for GaAs, Alo.10Gao.90As and Alo.20Gao.80As. 
For GaInP2 the values of Liedenbaum et al. [21] are used (the dielectric con­
stant is determined by linearly interpolating the data for GaP and InP of 
Ref. [22]). 
For the calculation of the radiative recombination coefficient according t o the 
van Roosbroeck-Shockley relation (see Eq. 2.21) the models of the dielectric 
constants of Adachi [23,24] are used. These models are fit to the experimen­
tal data of the absorption constant [25]. The absorption data for disordered 
GaInP2 are taken from Lee et al. [26,27]. It should be noted that the cal­
culated value of the radiative recombination for GaInP2 is rather inaccurate, 
it is highly sensitive to the absorption data closed to the band-gap. For a 
more precise determination of В in GaInP2 a more detailed knowledge of the 
behaviour of a(E) at E ~ 1.9 eV is required. Table 2.1 shows that the values 
of the radiative recombination constant are all within the same order of mag­
nitude for each material. As expected, the radiative recombination increases 
with band-gap, according to the calculations of Garbuzov. However, here the 
influence of the effective mass is neglected. Contrary to these calculations, the 
other methods show a decrease of В with increasing m*. 
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The results, that axe obtained from the van Roosbroeck-Shockley relations, 
are slightly higher. These values, however, should be considered less accurate 
because of the uncertainty in the effective masses as introduced in Eq. 2.22. 
Also, the absorption data used are from undoped GaAs, whereas Casey and 
Stern found that В decreases weakly with carrier concentration [28] (on the 
other hand in p-type GaAs an enhancement of В for ρ ~ 101 8 c m - 3 is known 
because of band-tailing effects). Furthermore, this method of determining В 
fails if the system is far from equilibrium, since the optical absorption will 
then begin to deviate from its thermal equilibrium value. 
For GaAs a lot of values of В are found by different experiments, most of them 
ranging from В = І.Зх Ю - 1 0 cm3/s to В = 2 χ Ю - 1 0 cm3/s. For example, both 
Hwang et al. [29] and 't Hooft [30] found В - 1.3 Χ ΙΟ" 1 0 cm3/s from laser 
delay times and luminescence efficiencies of DHS lasers. Nelson and Sobers 
determined В — 2.0 χ I O - 1 0 cm3/s from lifetime measurements in p-doped 
GaAs [3]. Strauss et al. recently determined В = (l.OdbO.3) χ I O - 1 0 cm3/s in 
strongly excited ordered and disordered GaInP2 [31]. This value is significantly 
lower than those obtained via the various theories. 
2.3.1 P h o t o n Recycl ing 
Photon recycling is the process in which a new electron-hole pair is gener­
ated by a photon that originates from an earlier radiative recombination of 
an electron-hole pair. Thus, photon recycling is closely related to the self-
absorption, which is the consequence of the overlap of the absorption spec­
trum a(E) with the internal emission function S(E) as pointed out in the 
aforementioned van Roosbroeck-Shockley relationship. As for direct band-
gap semiconductors the absorption rises very fast for photon energies higher 
than Eg, photon recycling is most important in these kind of semiconductors. 
The photon recycling is, however, also dependent on the reflectivity of the 
interfaces of the structure. In a DHS, photons that are generated in the active 
layer may be reflected at the interfaces due to the differences in the dielectric 
constants of the adjacent layers. 
Both the reflection at the interfaces and the re-absorption of the emitted pho­
tons lead to an increase in the measured radiative lifetime. The enhancement 
factor is called the photon recycling factor φ. Various authors have pointed 
out that the measured values of the minority-charge carriers are affected by 
self-absorption of recombination [14,17,32-41]. For calculation of the photon 
recycling factor as a function of active layer material, active layer thickness, 
barrier layer material and doping density the ideas of Asbeck [32] have been 
adopted. 
2.3 Radiative Decay 
If d is the thickness of the active layer in a DHS and
 сг
и is the critical angle for 
total internal reflection at the interface (which means that all photons propa­
gating at an angle θ >
 ст
ц from the interface normal will be reflected to the 
active layer) then the net fraction of the photons, that regenerate electron-hole 




 s m d E (2.23) 
where ζ(Ε) is given by Eq. 2.21 and the function G(x), in which χ = ad, is 
described as: 
G(x) = h(x) — h(x/ cos сгц) cos Ocrit and 
h(x) = \x{l + {x- l)e~x + x2Ei{-x)) (2.24) 
with Ei{x) the exponential-integral function [42]. The fractional increase in 
the radiative contribution to the lifetime is now φ — (1 — F(d, θ
οτ
α))~ι-
The photon recycling factor φ can be maximised by growing thicker samples 
and by enhancing the difference between the refractive indices of the barrier 
and active layers. For a DHS the decay-time is most effectively enhanced if the 
radiative lifetime is a small fraction of the non-radiative lifetime, which is the 
case in, for example, highly doped devices. This will be shown in Chapter 9. 
2.3.2 Intensity D e p e n d e n c e 
If the injected carrier density is relatively low (Io < 1), Eq. 2.17 reduces to 
I(t) = Це~ьІТгаі. From Eqs. 2.9 and 2.10 one sees that the effective lifetime 
is now equal to the radiative lifetime. 
At higher excitation densities (when Io 3> 1) the recombination rate is pro­
portional to the square of the injected charge carrier density (see Eq. 2.16) 
and the decay-form becomes hyperbolic [43]. Figure 2.2 shows the influence 
of different initial excitation densities on the decay rate for an Alo.20Gao.80As 
/GaAs DHS with an active layer thickness of d = 1.0 μπι and a doping density 
of η ~ 5 χ 1015 c m - 3 . The measured curves are shifted with respect to each 
other and the calculated curves are shifted by one decade to the measured 
ones to make identification and better comparison easier: on the vertical axis 
the relative photoluminescence intensity is depicted. This DHS showed a PL-
lifetime of 511 ns at low injection levels (see curve C). This indicates that 
the decay is not completely radiative, because the radiative lifetime for this 
structure is T
ra
d ~ 1-5 μβ. The TRPL-spectra (А, В and C) are therefore 
modelled by using Eq. 2.31 and the Runge-Kutta technique for numerically 
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Figure 2.2: Influence of the initial excitation intensity on the radiative decay 
rate for the DHS mentioned in the text. Shown are the measured (dots) and 
calculated (straight line) functions of the PL-intensity on time (The calculated 
curves are shifted by one decade with respect to the measured ones for better 
comparison. Also, the measured curves are shifted with respect to each other to 
facilitate their identification). Three different initial excitation densities are 
used: A) I0 ~ 1000, B) I0 ~ 30, C) I0 < 1. 
solving differential equations [44]. Figure 2.2 shows that for very high inten-
sity - obtained by strong focussation via a microscope objective in front of 
the sample - first a strong bimolecular decay is observed characterised by a 
hyperbolic decay. The decay curve of the sample could be well fit by an ini-
tial excitation density in the order of IQ ~ 1000. Both at t > 500 ns and at 
low starting intensities the non-radiative recombination starts influencing the 
decay rate and all curves have the same lifetime. 
2.3.3 Temperature Dependence 
The temperature dependence of the radiative lifetime is determined by the in-
fluence of temperature on the two components of which it exists (see Eq. 2.14), 
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= N
majBQ ( — ) (2.25) 
i.e. the majority-charge carrier density І
 т а
^ , and the radiative recombination 
coefficient B. At temperatures above donor or acceptor freeze-out Nmaj does 
not vary significantly; the temperature dependence of В has already been de­
scribed in Eqs. 2.18-2.21. The influence of the band-gap shrinkage, described 
by the Varshni-equation [45], is small compared with the T~ 3/ 2 term and 
can, therefore, safely be neglected. Hence, the temperature dependence of the 
radiative lifetime is well approximated by: 
1 / Τ ν 3 / 2 
— j o I — 
Trad \300, 
in which So is the room-temperature value of the radiative recombination coef­
ficient. For GaAs the conduction band and the light-hole band are not strictly 
parabolic. Theoretical calculations indicate slight deviations from the 3/2-
power law in Eq. 2.25: r
r o
d oc Τ 1 · 5 4 as a result of band-non-parabolicity [46]. 
Furthermore, for two-dimensional structures the radiative lifetime is linearly 
proportional to the temperature r oc Τ [46]. Hence, measurement of the 
dependence of the radiative lifetime on temperature will indicate the dimen­
sionality of the sample structure (see Chapter 7). 
Results of temperature dependent TRPL-measurements which obey Eq. 2.25 
indicate that radiative recombination is dominant in that high temperature 
range. An example of a temperature dependent measurement in which the 
sample exhibits completely radiative behaviour is given in Fig. 2.3. For n-
type GaAs, at temperatures below Τ ~ 120 К carrier freeze-out starts to 
influence the carrier concentrations, which makes further determination of the 
minority-charge carrier lifetime senseless. Therefore, decay-measurements are 
generally not performed below Τ ~ 120 K. Here, the measurements have been 
performed on a Alo.20Gao.8OAs /GaAs DHS (d = 2.0 μιη). As will be described 
in Section 2.4.2 the temperature dependence of non-radiative recombinations 
is different from that of radiative transitions, viz. TSRH ОС ехр(Е
ас
ь/квТ). 
In materials where the radiative and non-radiative lifetimes are of the same 
order of magnitude a lowering of temperature will first increase the photo-
luminescence decay-time as a cause of non-radiative transitions. When the 
temperature is reached at which the radiative transitions become dominant 
the decay-time decreases according to Eq. 2.25. Hence, the data in Fig. 2.3 
show complete radiative recombination as the lifetime continuously decreases 
with temperature and could be fit by τρι = AT 1 · 9 (A is constant). Experi­
mentally, temperature dependencies of τρι oc Τ 1 , 3 to r α Τ 1 · 9 are found (see 
this thesis and [7,46,47]). 
Under conditions of carrier freeze-out (T = 4.2 K) TRPL-measurements 
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Log(Temperature (K)) 
Figure 2.3: Plot of the logarithm of the PL-lifetimes against the logarithm of 
the temperature for an η = 1 χ IO1 7 cm~3 doped Alo.2oGaoAoAs /GaAs DHS 
(d = 2.0 ßm). The line indicates the best fit through the data-points using the 
least-squares technique. 
performed on an Al0.2oGao.8oAs /GaAs DHS (d = 0.75 /лп, unintentionally 
doped) showed a lifetime of τ ~ 2 ns near the band-edge (Eg = 1.515 eV). 
This lifetime corresponds to the combined, spectrally unresolved effects of 
free carrier (band-to-band) luminescence and free and bound exciton lu­
minescence [48-50]. If the monochromator is then tuned to lower energy 
(E ~ 1.49 eV) a PL-lifetime of τ ~ 22 μβ is found, related to the combined, 
spectrally unresolved donor-acceptor pair and conduction band-acceptor tran­
sitions [50-52]. 
2.4 SRH-Recombination 
In a real semiconductor defects are present which disrupt the perfect periodic 
potential function. Such defects are, for example, point defects (vacancies, in-
terstitials, anti-site disorders, Frenkel and Schottky defects etc ...), line defects 
(dislocations, see Section 2.6) and stacking faults. These defects create discrete 
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electronic energy states within the forbidden energy band. The non-radiative 
recombination of electron-hole pairs at these defects often has a considerable 
effect on the minority-charge carrier lifetime in the material. The rate of 
recombination at such a defect with density І < and quantum level Et (with 





 and by the availability of holes and electrons in the valence 
and conduction bands respectively. An analysis of the statistics of the recom­
bination processes for the case in which the electron and hole distributions are 
non-degenerate yields for the recombination rate RSRH' 
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with vth the thermal velocity of the charge carriers and £¿ the midgap-energy. 
Equation 2.26 was first described by Shockley and Read [53] and Hall [54] and, 
therefore, non-radiative recombination at defects is often called Shockley-
Read-Hall (SRH) recombination. They assumed that the re-adjustment time 
for a carrier at a recombination centre is negligible compared with the time 
required on the average for a centre to either emit the carrier or to capture a 
carrier of opposite charge. If, after this (very short) re-adjustment time the 
carriers are re-emitted to the band the recombination centre is called a trap. 
Hence, traps are distinguished from real recombination centres by their ability 
to interact with only one band edge and because they are easily saturated. 
Carriers in traps do not recombine but are thermally re—emitted to the band 
from which they were initially captured. The residence time in traps is usually 
much longer than the decay-time derived from the TRPL experiment, except 
for very shallow traps or for elevated temperatures. The process which affects 
TRPL experiments is the initial capture of carriers. Figure 2.4 shows the 
recombination rate as a function of defect energy level and temperature for 
GaAs. It is readily seen that the maximum recombination rate occurs at 
defects with the energy levels near midgap. When the level is close to one of 
the bands, thermal emission to that band quenches the recombination process 
(i.e. for donors and acceptors). Hence, midgap centres are the most effective 
recombination sites. If the centres have quantum levels exactly at midgap, the 
minimum lifetimes for electrons and holes are defined: 
τη,ρ = Ц р (2.27) 
When the temperature is lowered the region in the forbidden energy-gap in 
which the recombination is effective becomes larger. However, in Fig. 2.4 the 
temperature-dependences of the capture cross-sections are not considered. 
This is the subject of Section 2.4.2. 
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Figure 2.4: Ρ/οί o/ the recombination rate R against the energy level of the 
recombination centre (E
v
 = 0 eV) for T=100 Κ, Τ =200 К and T=300 K, The 
temperature dependence of the capture cross-section is not included. 
2.4.1 Intensity D e p e n d e n c e 
The SRH-recombination rate is highly affected by the ratio of the excita­
tion density to the doping density. Hall [54] was the first who described the 
effects of high injection on SRH-recombination. More recently Marvin and 
Halle [55-57] and Ahrenkiel, Keyes and Dunlavy [58,59] showed high-intensity 
effects on the lifetimes in HI-V DHSs. 
In this treatment the excess charge carriers are assumed to be uniformly dis­
tributed over the active layer, a situation which occurs at times t > тр, where 
T£> is the diffusion time (see Section 2.5). Hence, the excess-charge carrier 
density shows no spatial-dependence; p{x,t) = p(t). If we again use the def-
inition for the normalised carrier density, I(t), as given in Eq. 2.15, then the 
recombination rate at energy levels at or near midgap (Et a Ei) is described 
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by (using the definitions in Eq. 2.27): 
dl(t) I(t) + I2(t) 
9t т
тіп
(1 + I(t)) + T
ma
jl{t) ' (2.28) 
Equation 2.28 can be solved by the Runge-Kutta numerical technique [44] or 
by writing t as a function of the intensity I [60]. 
If Tmin and Tmaj are of the same order of magnitude, then at high initial 
injection levels, Io » 1, the differential equation reduces to: 
?Ш Ш ^ /(i)
 = / o e -t/(r m i „+r m o j )_ ( 2 _ 2 9 ) 
Cft Tmin τ Tmaj 
Hence, the effective lifetime becomes the sum of the minority- and majority-
charge carrier lifetimes as reported by Hall [54]. In terms of physics, at high 
intensities the deep level centres are occupied by minority-charge carriers, so 
the recombination is saturated and the time required for a recombination cen­
ter to capture a majority-charge carrier also affects the total effective lifetime1. 
In the low-injection limit, IQ «C 1, Eq. 2.28 reduces to: 
ЦШ = _ M ^
 m = Ioe-t/(rmin) (2 30) 
Cft Tmin 
and only the minority-charge carrier lifetime is measured. 
Figure 2.5 shows an example of the influence of different excitation intensi­
ties on the SRH-recombination rate in a Alo.60Gao.40As /Alo.23Gao.77As DHS. 
The active Alo.23Gao.77 As layer was unintentionally doped and showed n-type 
conductivity, No = 5 χ 1015 c m - 3 , as determined by capacitance-voltage (C-
V) measurements. At high initial excitation levels (a focusing lens is used so 
IQ » 1; curve A in Fig. 2.5) bimolecular decay is prevalent in the beginning 
(i < 100 ns). Next, both the minority- and majority-charge carrier lifetimes 






j = 44 ns). At 
intermediate PL-intensities (t > 400 ns) the decay becomes nonexponential. 
After t ~ 450 ns the charge-carrier density drops below the doping level Njy, 
Curves В and С show measurements performed at lower initial excitation in­
tensities. The starting excess carrier density for curve В was approximately 
equal to the excess carrier density at 350 ns in curve A. The first part of 
curve В again shows the non-exponential behaviour. Here, at t ~ 200 ns the 
* Notice that the occupation of the deep level centres is not determined by the (normalised) 




j. If, for example, a
m
in -^. cTmaj, 
the recombination centres are occupied by majority-charge carriers, even under conditions 
of high carrier densities. The minority-charge carrier lifetime determines TSRH in that case. 
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Figure 2.5: TRPL-spectra of an η = 5 χ 1015 cm~3 doped Alo.mGaoAoAs 
/^fc.23Öao.77^s DHS (d = 2.0 μπι) measured at different initial excitation 
densities: A) I0 » 1, B) I0 > 1, C) I0 < 1. 
charge carrier density drops below the doping density and the curve can be fit 
with a single lifetime again. In the case of curve С the starting injection level 
was pò ~ 1015 cm - 3 , so I(t) < 1. The decay-time could easily be resolved 
from the data: rm¿n = 12 ns. Figure 2.5 shows the preference of measuring the 
lifetime at low injection levels over high excitation conditions together with a 
fitting procedure. For a reasonably accurate fit a lot of data-points should be 
obtained, which implies very long acquisition times, whereas a low intensity 
experiment can be carried out easily. 
Special care should be taken if majority-charge carrier lifetimes are very long. 
Equation 2.28 shows that in this case the majority-charge carrier lifetime in-
fluences the decay even at excitation densities far below the doping level (for 
example, if Tmaj = 100rm¿„ accurate minority-charge carrier lifetimes are ob-
tained only if IQ < 0.01). In most cases the decay-curve indicates whether 
it is necessary to lower the initial excitation density. However, if this satu-
ration is masked by faster radiative transitions (i.e. higher doping levels) a 
series of intensity-dependent measurements and a suitable fitting procedure 
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are needed to extract the minority-charge carrier lifetime. This is described 
in Section 3.5. 
Generally, an intensity independent measurement will show the combined 
effects of both radiative transitions (including bimolecular decay) and non-
radiative decay (saturation). The complete intensity dependence of the decay 
form is governed by the sum of the right-hand sides of Eqs. 2.16 and 2.28: 
;;::, di(t)
=
 J(*)(/(Q+ i) Щ + i2(t) 
9t T
rad Tmin(l + I(t))+TmajI(t)' 
2.4.2 Temperature Dependence 
The understanding of non-radiative electron-hole transitions addresses to the 
basic question, the energy loss mechanism. Following the theory of Shockley, 
Read and Hall, non-radiative recombination at an impurity occurs at two 
steps. For example, in p-type material an electron in the conduction band 
is first captured into a bound state and then the bound electron recombines 
with a hole in the valence band. During this transition an energy equal to the 
band-gap must be dissipated. In principle, two capture mechanisms appear 
to be plausible in explaining how non-radiative capture with such a large 
energy dissipation can take place: Auger recombination (see Section 2.7) and 
multiphonon emission (MPE) [61-64]. In a MPE process the energy lost by 
the captured carrier generates lattice phonons. 
A third mechanism that has been widely discussed is cascade capture [65-67]. 
The electron loses energy in cascade capture by dropping through a series 
of closely spaced levels, emitting one phonon during each transition. Cascade 
capture can only explain carrier recombination if a centre provides a continuum 
of levels in the gap separated in energy by less than the maximum phonon 
energy. Cascade capture can not explain non-radiative capture into deep 
levels because point defects normally have a single level within the forbidden 
gap that is far from the band edges [68,69]. 
Non-radiative capture takes place because the energy of a deep level de­
pends on the positions of the atoms comprising the defect and its neighbours, 
i.e. the lattice. Figure 2.6a, adopted from Ref. [68], illustrates a simple model 
of the electron lattice interaction in which for simplicity the lattice is rep­
resented by a single coordinate. Consider the non-radiative capture of an 
electron. Prior to capture, the equilibrium position of the level is in the up­
per half of the gap. For sufficiently large vibrations the level can cross into 
the conduction band and capture an electron. After capture of the electron 
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Lattice Coordinate Lattice Coordinate 
Figure 2.6: A) Model of electron lattice interaction in a non-radiative re­
combination process, following Henry and Lang [68]. B) Picture of the config­
uration coordinate model in which the energy E is plotted against the lattice 
coordinate Q. The upper parabola represents the first excited state. The symbol 
Eact represents the thermal activation energy. 
the lattice near the defect relaxes in such a way as to lower the equilibrium 
position of the level in the energy gap. Hence, immediately after capture of 
the new electron the lattice is displaced far from the new equilibrium position 
and there will be a violent lattice vibration at the defect, which will rapidly 
damp down to the amplitude of thermal vibrations. During this damping, the 
localised energy propagates away from the defect as lattice phonons, which 
justifies calling this process non-radiative capture by multiphonon emission 
(MPE). The capture cross section, σ, is proportional to P„¿0, the probability 
that sufficiently strong lattice vibrations occur so that the energy level of a 
bound state crosses that of an occupied conduction band state. At high tem-




t is the lattice energy necessary 
for a level crossing when the bound state is unoccupied. 
The MPE process is often visualised by means of the configuration coordinate 
(CC) model, as introduced by Klick and Schulman [70] and later described 
by many authors in a variety of textbooks and papers [71-78]. It should be 
emphasized that the CC diagram only provides a very schematic overview of 
the transition mechanism as several approximations are used. It serves as a 
simple way to describe complex phenomena (for example, it has proven to be 
a very efficient tool in describing and explaining persistent photoconductivity 
in semiconductors [79]), but it is potentially deceptive if used as a complete 
О 
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description. 
In a CC diagram, the sum of the elastic and electron energy is displayed as a 
function of some generalised lattice coordinate for the different charge states of 
the defect. The elastic energy is usually taken in the harmonic approximation, 
and the electron-lattice interaction taken in a linear approximation [61]. A 
next approximation, which is often used, is that the ionic motion of relevance 
to the transition can be represented in terms of a single effective lattice co-
ordinate. Thus, a CC diagram consists of various parabolas placed in proper 
position on a total energy scale as a function of a generalised lattice coordinate 
plane. 
Figure 2.6b depicts a CC diagram displaying total energy of the semiconductor-
defect system versus the generalised configuration coordinate. The upper 
curve EC{Q) represents the empty defect, which has its electron donated to 
the conduction band. It is centered at the undistorted lattice coordinate, QQ. 
The right curve, E<¡{Q), represents the relaxed occupied defect with a mini-
mum total energy at some new lattice coordinate Qr. The CC diagram is now 
uniquely determined by two parameters, the lattice relaxation energy Ем and 
the binding energy of the electron EQ. An electron-hole recombination occurs 
if a thermal barrier of E
act is overcome, in which Eact = (EQ — Ем)2/4Ем-
Ем constitutes of the lattice strain energy (potential energy of the perfect lat­
tice) and the additional potential energy due to the defect. Hence, a change 
in EQ and/or Ем is responsible for a difference in the activation energy of 
a non-radiative recombination channel. The lattice relaxation energy is of­
ten expressed in terms of effective lattice modes (effective phonon energies): 
EM — Shu, where S is defined as the Huang-Rhys parameter which denotes 
the coupling of the defect electron to the lattice [61,80]. In Ref. [81] Queisser 
reports the increase of 5 as a function of binding energy of the deep level. 
Michler et al. [82] performed TRPL-experiments on Alo.30GAo.70As/GaAs 
DHSs with non-radiative recombination centres. With help of temperature-
dependent measurements the Huang-Rhys parameter of the electron and hole 
capture could be derived. 
The temperature dependence of the abovedescribed non-radiative MPE-
process is predominantly included in the capture cross-section: 
(χσ = σ00 exp (-Eact/kBT). (2.32) 
TSRH 
In most cases both the temperature-dependences of σ,χ (described by Pässler 
[83]) and that of the thermal velocity are neglected because the exponential 
term in Eq. 2.32 dominates the temperature-dependent behaviour. Generally, 
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, - 3 Figure 2.7: Arrhenius plot of lifetimes measured on an η = 5 x 10 cm 
doped AIQ^GOQ^AS /^fo.2oGao.8o^s / Ж ? fd = 2.0 ßm), which showed non-
radiative behaviour over the entire temperature range. From this plot two 
different activation energies are resolved: Ea(± = 41 me V (200 Κ < Τ < 
300 К) and Eact = 160 me V (Ц0 Κ < Τ < 200 К). 
for Coulomb-attractive centres σοο is about 10 _ 1 2 cm 2 , whereas for neutral cen­
tres σ,χ, ~ 1 0 - 1 6 cm2 and for repulsive centres σ
Μ
 ~ 1 0 - 2 2 cm2 [15]. Figure 2.7 
shows an example of a temperature dependent measurement in which the life­
time continuously increased with decreasing temperature, indicative of dom­
inant non-radiative transitions. In the Alo.35Gao.65As /Alo.20Gao.80As DHS 
two different activation energies could be resolved. 
As in the case of intensity dependent measurements, temperature dependent 
measurements will usually show two different regimes; one in which non-
radiative transitions are dominant (higher temperatures) and one in which 
radiative lifetimes prevail (lower temperatures). The complete dependence of 
the lifetime as a function of temperature is now described by the addition of 
the two right-hand side terms of Eqs. 2.25 and 2.32: 
TPL 
= NmajBo Τ 300 
-3/2 
+ NtVthaoo exp (-Eact/квТ). (2.33) 
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2.5 Surface Lifetime 
The surface lifetime, r
s
, defined as the term between brackets in Eq. 2.11, 
is determined by the diffusion of the carriers to the surface (interface) and 
the subsequent recombination at the surface states [6]. The slowest of these 
processes will generally determine r
s
. 
In the case of very high surface recombination velocities, S, the surface lifetime 
reduces to d?/n2D and is called the diffusion transit time тр. The resulting 
lifetime is now determined by the flow of carriers to the interfaces rather than 
the recombination at the interfaces. The lifetime is in such a case proportional 
to the square thickness of the epitaxial layer as is shown by van Opdorp et 
al. [84]. 
The transit diffusion time indicates whether the distribution of the injected 
charge-carrier can be considered as uniform. With help of Eqs. 2.5, 2.6 and 2.7 
the excess carrier distribution as a function of time and place can be calculated 
for a DHS of arbitrary active layer thickness. Figure 2.8 shows the result of 
such a calculation for Alo.20Gao.80 As /GaAs DHS with an active layer thickness 
of d = 10 μπι at 3 different times as a function of the distance χ from the 
barrier layer/active layer boundary (after Ref. [12]). As typical minority-
charge carrier mobilities for our samples with doping level ND — 5 χ IO1 5 c m - 3 
are μ ~ 300 Vs/cm2, the diffusion coefficients are D ~ 10 cm2/s. The effective 
lifetime that was used was TPL = 2.03 μβ. The interface recombination velocity 
was assumed to be S = 200 cm/s (see Chapter 3). At t = 5 ns after the 
excitation of the sample the carrier concentration at the front interface of 
the sample is much higher. Far from this interface this concentration is very 
low, until after t = 25 ns a flat carrier concentration profile is reached. After 
t = 25 ns (i > T£>), the excess carriers are uniformly distributed over the active 
layer. 
Because for most of the samples reported in this thesis, the active layer 
thicknesses are much lower and the mobilities are generally higher, we can 
safely assume a constant excess carrier density after a few nanoseconds in the 
decay. 
As treated above, the interface recombination velocity, 5, determines the 
surface lifetime in most of our samples. Hence, Eq. 2.11 reduces to: 
= - + - ρ 2.34 
The minority-charge carrier lifetime τ and the interface recombination veloc­
ity are now determined by growing a series of DHSs which only differ in active 
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Figure 2.8: Excess carrier distribution in a 10 μτη thick active layer at a) t 
= 1 ns, b) t = 10 ns and c) t = 25 ns. The curves are calculated according to 
Eqs. 2.5, 2.6 and 2.7 using the parameters described in the text. 
layer thickness d. 
The surface recombination mainly proceeds through localised levels in the for­
bidden gap. The concept of these surface states was introduced by Tamm [85], 
who showed from quantum-mechanical considerations that, in contrast to the 
situation in the bulk, localised states can appear at the surface. These states 
result from the interruption of periodicity and are refered to as dangling bonds. 
The highest possible density of these states is that of the density of surface 
atoms: N
s
t ~ 1015 c m - 2 . Later work by Shockley [86] pointed out that the 
Tamm-states originated from an asymmetrical termination of the periodic 
potential contrasted to the so-called Shockley-states which result from the 
assumption that the potential maintains perfect periodicity up to the surface, 
at which it is ended symmetrically. 
Beside these intrinsic defects the semiconductor surface is also a getter for all 
kind of impurities varying from gasses to metals. These impurities can also 
introduce surface states which may coexist with the dangling bonds. 
2.6 Misfit-dislocations 
The recombination at these quantum levels can be greatly decreased by surface 
passivation. The GaAs surface can be passivated by thermal oxidation [87], 
anodic oxidation [88] or by plasma oxidation [89,90]. However, in most cases 
the oxide/GaAs interface still has a very large density of interface states. Fur­
ther improvement has been found by treating the GaAs surface with ammonia 
plasma [91] or by using a laser-induced reaction with water on the surface [92]. 
However, the most efficient way of reducing the number of recombination cen­
tres at the surfaces is by making a double heterostructure configuration (as 
already has been pointed out in the introduction of this chapter). A compre­
hensive description of the recombination at surface states is found in the book 
of Many, Goldstein and Grover [93]. 
The recombination rate which is associated with the surface or interface re­
combination velocity 5, is in principle the same as the SRH-recombination 
rate (see Section 2.4), except that for the case of the surface recombination 




t is the 
two-dimensional surface state density and d the active layer thickness. The 
factor 2 accounts for the two interfaces. Although surface states are commonly 
represented as a continuum, they can also be described by a single energy level 
at an energy Et [93,94]. 
2.6 Misfit-dislocations 
If a material is deposited on a substrate or another layer with a different lattice 
constant, strain (elastic deformation) will arise in that material. Above a cer­
tain layer thickness, the critical layer thickness, it is energetically favourable 
to relax the mismatch by the formation of misfit-dislocations (plastic defor­
mation). The chance on plastic deformation enhances as the layer thickness 
is further increased. Misfit-dislocations form very efficient recombination cen­
ters. Yamaguchi et al. [95] created a theoretical model which describes the 
lifetime as a function of the misfit-dislocation density, Щы
ос
, in GaAs: 
1 TT3DNdisi
oc
 , . , . » 
- — = . (2.35) 
Tdisloc * 
This equation shows the sensitivity of the minority-charge carrier lifetime on 
the dislocation density. Already at low values of Ndisioc = Ю6 c m - 2 the 
lifetime decreases to Г<Й^
ОС
 = 13 ns for unintentionally doped GaAs (D ~ 
10 cm2/s, see also Chapter 8). The influence of elastic strain on the charge-
carrier lifetimes is treated in Chapter 8. 
Recombination Mechanisms 
2.7 Auger Recombination 
In an Auger recombination process the excess energy which results from an 
electron-hole recombination is transformed into the kinetic energy of a third 
particle. Therefore, Auger recombination is a three-carrier non-radiative re­
combination process, of which the probability varies with n2p and р2та for n-
and p-type material, respectively. Therefore, Auger recombination is only im­
portant at high carrier concentrations (n,p > 5 χ IO1 8 c m - 3 ) [96]. Different 
forms of Auger recombination and their dependencies on temperature, doping 
level and injection level have extensively been described by Blakemore [43]. 
Pankove [16] gives the Auger lifetimes in the case of doped semiconductors for 










Τ Auger TAuger 
Here, C
n
 and Cp are coefficients that give the efficiency of the transfer of kinetic 
energy to the majority- and minority-charge carriers for η-type and p-type 
material, respectively. There is considerable scatter in these Auger recombi­
nation coefficients. For instance, values of C
n
 = (7 ± 4) χ I O - 3 1 cm6/s, C
n
 = 
1.7 x 10 - 2 9 cm 6 /s and C„ = 1.5 x 10 _ 2 8cm 6/s are reported for η-type GaAs 
by McLean et al. [97], Lush et al. [98] and Puhlman et al. [99], respectively. 
Theoretical work, performed by Haug [100], showed C
n
 — 4.7 χ 10 _ 3 0cm 6/s. 
Takeshima [101] computed C
n




for the Auger coefficients in n- and p-type GaAs. Both values decrease as the 
aluminium fraction is enhanced. Recently, Strauss et al. reported a value of 
C
ntP = (7 ± 4) χ 10-3 0cm6/s for GaInP2 [102]. 
Because both the doping levels and initial injection levels stay well below the 
onset of Auger recombination for our samples, this type of recombination can 
be ruled out in our decay-measurements. Auger recombination effects are 
often seen at high injection levels in light-emitting diodes (LEDs) and solid-
state lasers. 
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This chapter describes a variety of lifetime measurements on AlxGai_xAs 
/GaAs DHSs. The dependences of the lifetime and the interface recombination 
velocity, S, on the doping level in the active GaAs layer axe investigated. 
Furthermore, the influence of the aluminium concentration in the barrier layers 
on S is studied. In addition, the importance of measuring at low injection 
levels in GaAs is made clear, even if no signs of saturation are apparent, and 
even if the excitation level is well below the doping density. 
Nowadays the AlxGai_xAs /GaAs DHS is the structure that is by far the 
most intensely studied with respect to lifetimes. Therefore, results on DHSs 
can easily be compared with literature and can be used both as a quality check 
and for comparison of, for instance, growth methods. Besides, the AlxGai_xAs 
/GaAs DHS is relatively easy to grow because for all aluminium concentrations 
the barrier layers are virtually lattice-matched to GaAs. This structure is 
then often used as a feed-back to growing conditions and state of the reactor. 
The optimum experimental conditions enable the growth of a high efficiency 
AlxGai_xAs /GaAs solar cell. This will be discussed at the end of this chapter. 
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3.2 Experimental Details 
The AlxGai-zAs /GaAs and GaInP2 /GaAs DHSs were grown on Si-doped 
(100) 2° off towards [100] oriented GaAs substrates by low pressure metal-
organic vapour phase epitaxy (MOVPE) at a total gas flow of 7 standard liters 
per minute and at a pressure of 20 mbar. The source gases were trimethyl-
gallium (TMG), trimethylaluminium (TMA), trimethylindium (TMI), arsine 
and phosphine. The TMI concentration was kept constant via feed-back tech­
niques. Hydrogen, purified by a palladium cell, was used as a carrier gas. For 
all cases the growth temperature of the GaAs active layer and GaInP2 bar­
rier layers was TgTowth = 640°C. The AlxGai_a;As barrier layers were grown 
at 720°C in order to decrease the concentration of oxygen related defects [1]. 
Between the substrate and the DHS a buffer layer of Al^Gai-^As (x = 0.20) 
has been grown to smooth the surface of the substrate and to minimise the dif­
fusion of impurities from the substrate into the DHS. Measurements of DHSs 
that were grown with and without buffer layer indicated higher PL-lifetimes for 
the former. Also, other work shows that the growth of a superlattice prelayer 
between substrate and DHS definitely improves the quality of the A^Gai-xAs 
/GaAs interfaces [2]. 
Two different types of GaAs DHSs were grown: one type with A^Gai-^As 
barrier layers, and one type with GaInP2 barrier layers to confine the charge 
carriers. The barrier layers had thicknesses of d = 0.3 urn and d = 0.15 μπι 
for the Al^Gai-^As and GaInP2 layers, respectively. For the first series of 
DHSs the aluminium fraction χ was increased in four stages: χ = 0.20, 0.30, 
0.45 and 0.85. For each series the active layer thickness was varied between d 
= 0.3 μπι and d = 3.0 μιη. The active GaAs layers were nominally undoped 
and showed η-type conductivity: n ~ 5 x 1013 c m - 3 from Hall-van der Pauw 
measurements. 
At an aluminium concentration of χ = 0.20 in the barrier layers five other 
thickness series of intentionally η-type silicon-doped DHSs structures were 
grown. The doping levels of these samples were: η = 5.0 χ 1015 c m - 3 , 
η = 3.0 χ IO1 6 c m - 3 , η = 8.5 χ IO16 cm~3, η = 1.3 χ ΙΟ17 спГ 3 and 
η = 2.5 χ ΙΟ1 7 c m - 3 as controlled by C.V.-measurements. The highest re­
type doping density is equal to that used in solar cells. 
All samples were measured at low excitation density (To < 1) in order to 
avoid bimolecular decay and to ensure that only the minority-charge carrier 
lifetime was measured. However, for the higher n- doped DHSs the injection 
level was varied to examine saturation effects in Al^Gai-^As /GaAs DHSs. 
Among others, the results of the lifetime measurements acted as a feed-back 
to optimise the efficiency of a GaAs solar cell. 
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Inverse Thickness (¿¿m ) 
Figure 3.1: An example of a l / r versus 1/d plot for an unintentionally doped 
f n ~ 5 x 1013 cm~z) AIQ,2OGOQ.SQAS /GaAs DHSs at room-temperature. 
3.3 Doping Dependence 
Figure 3.1 shows a plot of 1/TPL versus 1/d for the undoped (n = 5 x 
1013 cm"3) Alo.2oGao.8oAs /GaAs DHSs. With help of Eq. 2.34 the inter-
face recombination velocity and the bulk-lifetime were determined: from the 
slope of the best fit through the data-points an interface recombination veloc-
ity of S = (131 ± 10) cm/s was deduced. The intercept of this line with the 
Ι/τρί,-axis reveals a minority-charge carrier lifetime of r ~ 6 μβ; this is called 
the bulk-lifetime. According to Eq. 2.14 the radiative lifetime, rra(¡, is about 
150 μβ if we assume a value of В = 1.4 χ I O - 1 0 cm3/s for GaAs. Hence, the 
recombination in the active layer is controlled by non-radiative transitions. 
For all DHSs the non-radiative recombination is dominated by transitions at 
the interface because the interface lifetime TS stays well below the minority-
charge carrier lifetime of r = 6 μβ at all thicknesses. 
In Figs. 3.2a and 3.2b a study of deducted bulk-lifetimes as a function 
of doping level for n- and p-type GaAs is summarised. Values from liter-
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Figure 3.2: Measured (φ) and literature values (open symbols) of deduced 
bulk-lifetimes for n- and p-type doped GaAs. 
a) results on η-type doped samples: О Hwang et al. [S], Π 't Hooft et al. [5], 
. . Lush et al. [6], φ our data. 
b) results on p-type doped samples: O Nelson and Sobers [7], " Acket et al.. 
The lines indicate the theoretical values of the radiative lifetimes if В = 1.4 x 
IO" 1 0 cm3/s. 
ature and the experimentally deduced bulk-lifetimes are also plotted. The 
lines indicate the expected radiative lifetimes as a function of the majority-
charge carrier density if for the radiative recombination coefficient the value of 
В = 1.4 χ I O - 1 0 c m - 3 is chosen. Hwang [3] was the first who experimentally 
studied the relationship of the doping dependence on the lifetime for n-type 
GaAs. The samples were grown by the Czochralski method and doped with 




ρ = 6.5 χ 10 cm" . The minority-charge carrier lifetimes were determined 
with help of the phase-shift technique. 
Puhlmann et al. [4] examined η-type Sn-doped GaAs grown by Liquid Phase 
Epitaxy (LPE). The bulk-lifetimes were distracted from very thick epi-layers. 
Measurements of both the diffusion length and mobility determined the life­
time. The doping densities varied from η = 3x 1016 c m - 3 to η = 7 χ IO1 8 c m - 3 
in this study. Here, all the lifetimes were well below the radiative limit. For 
clearity they are left out in Fig. 3.2a. 
't Hooft et al. [5] performed TCSPC-measurements on undoped τι-type GaAs 
grown by MOVPE. The samples showed η-type conductivity and ranged be­
tween η = 2.5 χ IO16 c m - 3 and η = 7 χ IO1 7 c m - 3 . The minority-charge 
carrier lifetimes were derived from very thick samples (2 μπι < d < 7 μια) 
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assuming a recombination velocity of S = 400 cm/s. 
An extensive report on the doping dependence of η-type GaAs has been per­
formed by Lush et al. [6]. Here, the GaAs active layers were doped with sele­
nium and grown by MOVPE. All lifetimes were measured with the TCSPC-
technique and for each doping level the thickness of the active layer was varied. 
However, the doping levels did not vary over much more than one order of mag­
nitude (1.3 χ 101 7 c m ' 3 < η < 3.8 χ IO1 8 c m - 3 ) . 
Nelson and Sobers [7] were the first to investigate the doping dependence 
in GaAs using double heterostructures. With help of the TSCPC-technique 
they determined the lifetimes in p-type Ge-doped GaAs grown by LPE. The 
doping was varied in a broad range from ρ = 1.9 χ IO1 5 c m - 3 to ρ = 1 χ IO19 
c m
- 3
. Acket et al. [8] measured the lifetime of electrons in p-type GaAs 
(germanium doped) grown by LPE. In this report, however, the doping level 
only varies from ρ = 2.3 χ 1018 c m - 3 to ρ = 8 χ IO1 8 c m - 3 . The data are 
determined by the phase-shift technique performed on very thick GaAs layers. 
It should be noted that except for our study and that of Lush et al. [6], the 
bulk-lifetimes were not deduced from DHSs in which the active layer thickness 
was varied. In most cases very thick epi-layers were grown to reduce the influ­
ence of the surface recombination velocity. Other studies infered the lifetimes 
from measurements of the diffusion lengths together with the majority-charge 
carrier mobilities. 
Because for both these methods the exact value of S is not known, uncer­
tainties in the derivation of the bulk-lifetime are easily introduced. Also, at 
thicknesses above d = 1.0 pm correction for photon recycling becomes im­
portant, especially if the measured lifetimes approach or increase the radiative 
limit. At higher doping levels, Auger-recombination tends to dominate the 
decay. Studies performed at these high doping densities are not included in 
Fig. 3.2. 
Theoretically, the radiative lifetime is inversely proportional to the majori­
ty-charge carrier density until those doping levels where Auger recombination 
dominates (Nmaj > 5 χ IO1 8 c m - 3 ) . In this regime the lifetime is inversely 
proportional to the square of the doping density. The theoretically expected 
longest lifetimes, calculated on the basis of В = 1.4 χ I O - 1 0 cm3/s, are drawn 
in Fig. 3.2. As has been pointed out in Chapter 2, the radiative recombination 
coefficient is a (slowly varying) function of the doping density and may differ 
for n - and p-type GaAs. 
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Figure 3.3: Interface recombination velocity S as a function of doping density 
in: 9Alo.2oGao.8oAs /GaAs DHSs, our data and OAio.30Goo.70As DHSs, data 
of Lush et al. [6]. 
Figure 3.2 indicates that at moderate doping levels (from ~ 1016 c m - 3 to 
~ 5 x 101 8 c m - 3 ) the experimentally found maximum bulk-lifetimes generally 
follow the theoretically expected behaviour. In this doping range correction 
for photon recycling becomes important, which explains the lifetimes that 
increase the expected radiative lifetime. These measurements were mostly 
performed on very thick samples and the effect of re-absorption was not ac­
counted for. It is shown in Fig. 3.2 that our values match very well with the 
expected behaviour. Hence, radiative transitions dominate the decay in our 
samples in this doping range. However, if the active layer thickness is lowered 
the non-radiative interface recombination velocity becomes important. This 
has already been shown in Fig. 3.1b, where the minority-charge carrier life­
time decreases from the radiative limit {r
ra
d = 8.9 ns) to TPL = 5.2 ns if the 
thickness of the GaAs layer is decreased. 








3.3 Doping Dependence 
Table 3.1: Measured interface recombination velocities S and bulk-lifetimes τ 
as a function of doping level. The calculated values ofTTO,¿, TSRH in tne bulk, 
and TS (at d = 0.2 μπι) are given as well. 
Doping level 
~ 5 x 1013 c m - 3 
~ 5 χ 1015 c m - 3 
3 χ 101 6 c m " 3 
8.5 χ 1016 c m " 3 
1.5 χ 1017 c m - 3 









~ 6 ßS 






~ 150 ßS 








~ 175 ns 








combination velocity for the Alo.20Gao.80As /GaAs interface (our data) and 
the Alo.3oGao.7oAs/GaAs interface (data of Lush et al. [6]). The recombina-
tion velocity at the interfaces gradually increases from S = (131 ± 10) cm/s at 
n ~ 5 x 1013 cm - 3 to S = (2.0 ± 0.5) x 103 cm/s at the highest doping level. 
The data of Lush et al. [6] are somewhat lower and show a slighter increase 
with doping level. Notice that for our case the re-type dopant was silicon, 
whereas Lush et al doped their active layers with selenium. At higher doping 
levels more impurities are introduced in the gas phase of the growth process. 
These impurity are incorporated in the active GaAs layer and, hereby, the 
density of recombination centres is enhanced. The surface lifetime rises one 
order of magnitude as the doping level is increased to above 1017 cm - 3 , for our 
samples. However, in the ideal case of a completely non-contaminated source 
gas no relationship between the interface recombination velocity is expected. 
Table 3.1 summarises the results of r and S as a function of doping den-
sity. With help of Eqs. 2.14 and 2.34 also т
гаа
\, TSRH and the surface lifetime, 
TS, are calculated for a d = 0.2 μπι thick active layer. For two doping levels 
(re = 3.0 χ 101 6 c m - 3 and re = 8.5 χ 101 6 c m - 3 ) the fit through the data-points 
(rpL as a function of d) led to an intercept with the l/rp£,-axis at negative 
(non-physical) values. The bulk-lifetimes for these doping concentrations, 
shown in Table 3.1, are an estimate, based on the error in the interface recom­
bination velocity. The values of r
s
 again show that the interface recombination 
velocity determines the lifetime at all doping levels if the active layer thickness 
is small. At higher thicknesses (d > 2.0 μπι) the bulk-lifetime dominates. As 
already shown in Fig. 3.2 the radiative transitions determine the lifetime when 
the doping concentration is above 101 6 c m - 3 , while at lower doping concentra-
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Figure 3.4: Photoluminescence lifetimes as a function of temperature for the 
η = 8.5 χ IO16 cm~3 doped Alo.20Gao.8OAs /GaAs DHSs at 3 different active 
layer thicknesses: О d = 0.5 μm) • d = 1.0 ßm and [J d = 2.0 μτη. The lines 
are fits according to Eq. 2.33, using В = 1.4 χ I O - 1 0 cm3/s. 
tions the non-Tadiative bulk-lifetime, and not the radiative decay-time, sets 
the upper limit to the minority-charge carrier lifetime. The minority-charge 
carrier lifetimes in Table 3.1 sometimes increase the theoretical radiative life­
time. This may be caused by photon recycling effects, inaccuracy in the the­
oretical value of the radiative recombination constant and/or the error in the 
estimates on the basis of the Alo.20Gao.80As /GaAs DHS with higher active 
layer thicknesses. In any case the SRH-recombination in the bulk GaAs is 
low, i.e. in the order of TSRH ~ 1 Ms· 
The interaction of interface recombination and radiative decay at higher 
doping levels is well established in Fig. 3.4. Here, the temperature dependence 
of the effective lifetime in η = 8.5 χ IO16 c m - 3 doped Alo.20Gao.80As /GaAs 
DHSs is measured at three different active layer thicknesses: d = 0.50 μπι, 
1.0 μπι and 2.0 μπι. The lines are fit according to the combined temperature 
dependencies of r
ra
d and TSRH (Eq. 2.33). For these samples the calculated 
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radiative lifetime is 84 ns, while a plot of 1/TPL versus 1/d indicates an in­
terface recombination velocity of S = (850 ± 50) cm/s and a bulk-lifetime of 
(90 ± 10) ns (see Table 3.1). Thus, the lifetime in the bulk is almost completely 
radiative: there is no apparent influence of SRH-recombination centres in the 
active GaAs layer. Figure 3.4 shows that for the thickest sample (d = 2.0 μπι) 
the lifetime, apart for the relatively small increase in temperature from room-
temperature to 250 K, decreases as the temperature is further lowered to 
110 K. The behaviour at this thickness is comparable with that indicated in 
Fig. 2.3, which shows the temperature dependence of PL-lifetimes for a purely 
radiative sample. This is indicative of almost pure radiative behaviour. The 
best fit through the data-points reveals: TPL ОС Γ 1 · 9 , a reasonable value for 
radiative transitions. For the two thinner layers the lifetime first increases if 
the temperature is lowered from room-temperature to 230 K. The cross-over 
between the decay mechanisms takes place at Τ ~ 230 K. Below this tem­
perature the PL-lifetimes follow the radiative behaviour of the 2.0 μπι thick 
sample. From the measurements where all samples show radiative behaviour a 
doping level of no = (8.5 ± 2) χ IO1 6 c m - 3 is derived, which equals the results 
of the C.V.-measurements (nc.v. — 8.5 χ IO1 6 c m - 3 ) . Figure 3.4 shows that 
the DHS with an active layer thickness of d = 0.5 μπι must have the highest 
doping level. Because the SRH-lifetime in the bulk is very high for these sam­
ples (see Table 3.1) and because the increase of the lifetime with decreasing 
temperature is only apparent at lower active layer thicknesses, the measured 
temperature effects must be connected with interface effects. Hence, we at­
tribute this increase to multi-phonon recombination at the interfaces. For both 
thin samples an activation energy of (210 ± 10) meV is determined for this 
recombination channel. This is not consistent with the value of E
act = 27 meV 
as found by Molenkamp et al. [9], who suggested that 27 meV is the character­
istic activation energy for recombination processes at the Ala;Gai_
x
As /GaAs 
interface. However, in their study the aluminium fraction in the barrier was 
much higher (x = 0.53) and the growth conditions were different. Other deep 
levels, with different binding energies may be responsible for the activation 
energy that was found in their case (see Section 2.4.2). Actually, a variety of 
activation energies is found for this interface, depending on growth conditions 
and aluminium fraction. 
The results of this section show that for characterisation of the growth-
quality of the reactor knowledge of both the interface recombination and 
the SRH-lifetime is needed. The prefered doping concentrations are n,p < 
1016 c m - 3 , because at higher doping levels this recombination is masked by 
the much faster radiative transitions. The surface lifetime does not signifi-
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As /GaAs DHSs. 
cantly decrease if the doping level is switched to above 1017 c m - 3 . An inter­
face recombination velocity, that is determined at low doping density, already 
provides an indication of its value at higher doping densities (solar cell level). 
With help of the theoretically known radiative lifetime the SRH-lifetime in 
the bulk can be derived. Therefore, a series in which the active layer thickness 
is varied from d — 0.2 μπι (interface recombination dominates) to d = 2.0 μτη 
(bulk recombination dominates) will give a good indication of the state of the 
reactor. 
3.4 Aluminium Concentration in the Barrier Layers 
For the undoped Al^Gai-zAs /GaAs DHSs (n ~ 5 χ IO1 3 c m - 3 ) the aluminium 
concentration in the barrier layers has been varied in order to investigate its 
influence on the recombination velocity. Figure 3.5 and Table 3.2 show 5 as a 
function of the aluminium fraction. 
With reference to this figure, it is clearly seen that if the aluminium content 
/*-N 
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Table 3.2: Values of the interface recombination velocity S and bulk-lifetime 
τ for different aluminium concentrations in the AlxGa\-
x
As barrier layer of 
an AlxGai-xAs /GaAs DHS (*at χ = 0.00 GalnPi barrier layers are used). 













~ 7 μβ 
~ 6 με 
~ 5 μα 
260 ns 
25 ns 
of the barrier layers increases, a clear enhancement of the interface recombi­
nation is seen. Also indicated is the recombination velocity S if no aluminium 
is incorporated in the barrier layers, that is, if GaInP2 is used to confine the 
excess charge carriers. The аІпРг /GaAs DHSs all show very high lifetimes 
varying from TPL = 4.0 μβ at d = 3.0 μπι to TPL = 7.3 μβ if d = 0.33 μπι. 
For these structures it is difficult to calculate a bulk-lifetime and the inter­
face recombination velocity. However, from the errors in the measurements 
a bulk-lifetime of τ ~ 6 μβ is inferred. For S only an upper limit could 
be given: S < 2 cm/s. These values are comparable with those found by 
Olson et al. [10]. Measurements of the interface recombination velocities at 
lattice-matched GalnAsP/InP and GalnAsP/GaAs, i.e. interfaces without 
aluminium, show values for S as low as 5 cm/s [11]. 
To our best knowledge this is the first time that the interface recombination 
velocity 5 is measured as a function of the aluminium concentration in the 
barrier layers under comparable growth conditions. The results demonstrate 
that the recombination velocity at the Al^Gai-s As /GaAs interface increases 
with the aluminium content. The most probable reason for this is that oxygen 
strongly binds with aluminium and introduces mid-gap states, i.e. effective 
recombination centres at the interfaces [12,13]. 
For all structures not only S but also the bulk-lifetime has been deter­
mined. At lower aluminium concentrations the minority-charge carrier life­
time is TSRH ~ 6 ßs. But, as can be seen in Table 3.2, at higher aluminium 
contents the bulk-lifetime decreases rapidly. This is most probably caused by 
contaminations in the TMA gas source. After the growth of the aluminium 
rich barrier layer the impurity reside in the reactor and are incorporated in 
the subsequently grown active GaAs layer. 
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Figure 3.6: TRPL spectra of the a) 8.5 χ IO16 cm'3 and b) 5.0 χ IO1 3 cm'3 
doped AlxGai-xAs /GaAs DHSs taken at two different initial excitation in­
tensities: A) po = 1 x IO1 5 cm~3 and В) p 0 = 1 χ IO1 7 cm~3. 
3.5 Intensity Dependence 
For the AlxGai-aAs /GaAs DHSs with doping levels of η ~ 5.0 χ IO1 3 c m - 3 , 
η = 3.0 χ IO1 6 c m - 3 , τι = 8.5 χ ΙΟ1 6 c m - 3 , η = 1.3 χ ΙΟ1 7 c m - 3 and η = 
2.5 χ IO17 c m - 3 intensity dependent measurements were performed. The initial 
injection density was varied from po = 1 x Ю 1 5 c m - 3 to po = 1 X Ю 1 7 c m - 3 . 
Figure 3.6 shows an example of TRPL-spectra of η = 8.5 χ 10 1 6 cm - 3 and 
η ~ 5.0 χ 1013cm~"3 doped GaAs structures, both measured at two different 
intensities. The undoped DHS shows the same behaviour on intensity as seen 
in Fig. 2.5. In contrast, for the doped DHS a definite decrease in lifetime is 
observed from τρι = 56 ns down to τρι = 36 ns upon decreasing po by 
a factor of 100. However, no apparent signs of saturation can be observed in 
contrast to the ones performed on DHSs with lower doping densities (Figs. 2.5 
and 3.6b) where the flattening of curve В is a specific sign of saturation. At 
later times, i.e. lower excess carrier densities, the decay is determined by 
minority-charge carrier lifetime. These measurements could be very well fit 
by the assumption of a double-exponential decay-time. However, in Fig. 3.6a 
at t ~ 350 ns the photoluminescence intensity of the spectrum with the highest 
initial excitation energy has decreased approximately two decades (curve B) 
and the excess charge density at that point is equal to that of the initial in­
jection density of curve A. Hence, after 350 ns curve В should show a lifetime 
0 200 400 600 800 
Time (us) 



































ο ° ° " 
°ο 
= 3.0 χ ΙΟ16 cm"3 
= 8.5 χ ΙΟ1 6 cm"* 
= 1.5 χ ΙΟ17 cm"3 
= 2.5 χ ΙΟ17 cm"3 
• · · · · 
ν ν ν ν ν 
τ • • • • 
ι 
le+015 le+016 le+017 
.3 
Initial Excitation Density (cm ) 
Figure 3.7: Values of the lifetimes attributed to the measured TRPL-spectra 
if the initial excitation density is varied from po = 1 x IO15 стГ3 to po = 
1 χ IO17 cm~3, for differently doped GaAs layers: Ο η = 3 x IO1 6 cm~3, 
• η = 8.5 x IO1 6 стГ3, -7 η = 1.5 χ ΙΟ1 7 ст~3 αηάΎ η = 2.5 χ ΙΟ1 7 cm'3. 
of TpL = 36 ns, but no such behaviour is observed. Apparently, the lifetime 
decreases if the injection intensity is lowered. 
This effect has been studied in more detail. The result is given in Fig. 3.7 
where PL-lifetimes are measured under various initial excitation densities for 
differently doped Alo.20Gao.80As /GaAs samples. A single-exponential life­
time is attributed to each measured PL-decay curve. For all doping densities 
a definite decrease in the lifetime is seen as the injection intensity is low­
ered. For example, for the DHS in which the active GaAs layer was doped at 
η = 8.5 χ IO16 c m - 3 the lifetime dropped from 56 ns to 36 ns, whilst for the 
highly doped (n = 2.5 χ IO1 7 c m - 3 ) sample a decrease from 10.2 ns to 5.4 ns is 
seen. This means that, even under conditions where Io < 1, the lifetime still 
shows intensity dependence. Even in a measurement in which the acquisition 
time was remarkedly prolonged, yielding a good TRPL-spectrum over more 
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Table 3.3: Results of fitting procedure, using Eq. 3.1 of the intensity dependent 
measurements on highly doped AIQ^QGOQ.^QAS /GaAs DHSs. For comparison 
the value of τρι, measured at po = Ю1 5 cm~3 is indicated, together with the 
lifetime that follows from the fitting procedure τ (τ = (l/r
ra
d + 1/Tm¿n)-1). 
Doping level 
3 χ IO16 cm" 3 
8.5 χ ΙΟ1 6 c m - 3 
1.5 χ IO1 7 c m - 3 


























than five decades, no signs of saturation could be seen1. 
If to each TRPL-spectrum a constant recombination rate is attributed, 
the minority- and majority-charge carrier lifetimes can be deduced following 
Eq. 2.31: 
rpL = : , where rSRH = τ^^γ—-) + r m i n . (3.1) 
TSRH + Trad i + 1 






m a j · , following Eq. 3.1 at each doping level. Marvin et 
al. [14-16] already used this approach, but did not account for the influence 
of the radiative lifetime. If the minority-charge carrier lifetime, that results 
from the fitting procedure, is compared with the PL-lifetimes measured at low 
intensities (po = 101 5 c m - 3 ) it is clear that measurement at such a low initial 
excitation density gives a very good indication of the value of the real r. 
The fact that the decay-curves do not behave as indicated both in Chapter 2 
and Fig. 3.6b is explained by the very low band-to-band recombination which 
distorts the decay. The radiative lifetime is, in this case, comparable with the 
minority- and majority-charge carrier lifetimes which accounts for its influence 
on the measured TRPL-spectrum. 
1
 Hereby, we excluded the possibility of very high majority-charge carrier lifetimes: if 
the lifetime of the majority-charge carriers exceeds that of the minority-charge carriers by 
orders of magnitude only a measurement at an excitation density far below the doping con­
centration reveals the true minority-charge carrier lifetime according to Eq. 2.28. It should 
be noted that if the measurement time is very long the noise level increases to unwanted lev­
els. Moreover, as the luminescence intensity decreases exponentially with time, it is usually 
below the detection limit after approximately five decades. 
3.5 Intensity Dependence 63 
0 100 200 300 400 
Lifetime (ns) 
Figure 3.8: Simulated TRPL decay curves using rrad — 84 ns, rm¿n = 36 ns 
and Tmaj = 120 ns and different initial excitation densities: a) Io = 1, b) Io = 
0.1 and e) Io = 0.01. 
This is more clearly shown in Fig. 3.8 where the TRPL-spectra are calcu-
lated using the Runge-Kutta approach on Eq. 2.31 [17]. The input values used 
in this simulation are: rrad = 84 ns, rmin = 36 ns and rmaj — 120 ns. Note, 
however, that in none of the cases the real minority-charge carrier lifetime, 
which is determined by the input values (τ = (1/т
га(* + l / r m ¿ n ) _ 1 = 25.2 ns), 
is measured. The calculated curves do not show explicit signs of saturation. 
When considered as experimental curves a fit to an exponential decay would 
have resulted in 3 different lifetimes without the introduction of appreciable 
error (all attributed lifetimes were within 0.1 %): TPL(IO = 1) = 31.2 ns, 
I~PL(IQ — 0.1) = 27.1 ns and грьЦо — 0.01) = 25.5 ns. So that a possible 
saturation caused by the high majority-charge carrier lifetime, T
ma
j = 120 ns, 
would not be seen as a cause of the relatively low radiative lifetime. This 
demonstrates that in cases where experimental data exhibit single exponential 
decay characteristics, the lifetime, infered from these data, does not necessar­
ily correspond to a physical lifetime. 
In the case of the Alo.60Gao.40As /Alo.23Gao.77As DHSs and the low doped 
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Alo.2oGao,8oAs /GaAs samples the radiative lifetimes were τ
Γαα
· ~ 10 /xs and 
Trod ~ 150 ßs (see Table 3.1 and Chapter 4), respectively, thus far too high to 
distort the measured decay-curve. The influence of τ
Γαα
· should be corrected 
for if the real transition times at the deep levels are required. This kind of 
behaviour was also predicted by computer modelling by Marvin et al. [16], 
using a different numerical approach, but now, to our best knowledge, has 
been experimentally proved for the first time. 
From this we conclude that in reality the TRPL-spectra measured at 
higher excitation densities are not exponential at all. The 'invisible' satu­
ration, which is masked by the low radiative lifetime, expels the decay form 
from being exponential. However, the obtained curve is easily mistaken for 
a real single-exponential decay because it can be fit with a single lifetime 
without considerable error. Therefore, intensity dependent measurements are 
important even if Io < 1 and no signs of saturation are seen. A series of in­
tensity dependent measurements and accurate knowledge of the doping level 
(radiative lifetime) should in fact be used to extract the 'real' minority-charge 
carrier lifetime. However, a determination at a very low starting intensity 
(Io < 0.01) already gives a strong indication of this real r. 
3.6 GaAs Solar Cell 
The results of the lifetime measurements have, amongst others, been used to 
maximise the GaAs solar cell efficiency by optimising both growth parameters 
of the MOVPE reactor and cell structure. Basically a solar cell is a pn-
junction (diode). Its performance (I-V characteristic) is described by the 
Shockley equation [18]: 
I =
 Is(ee(V-IR)/nkBT _ 1) _ / L (3.2) 
in which Is and J¿ are the saturation current and the light current respectively 
(mA), V is the potential difference across the junction, R is the series resistance 
in the junction, e is the elementary unit of charge and η is the diode ideality 
factor. 
The efficiency of a solar cell device, η, is defined by its maximum output power 
divided by the incident power as delivered by the sun, P¿n: 
ImaxVmax FFILVOC /„
 ON 
η = ρ = 5 . (3.3) 
Here, the fill factor FF = *ІФ$Ю* and Voc the voltage across the cell at infi­
nite load resistance. The highest solar cell efficiency is obtained by maximising 
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FF, IL and Voc for a given structure. The maximum fill factor is acquired if 
no series resistance R is present in the junction (dependent on junction depth, 
impurity concentrations of the p- and η-regions and the arrangement of the 
front surface and ohmic contacts). The light current II is determined by the 
amount of carriers which are really collected after being generated in the cell. 
Outside the depletion area the chance, C, that an electron or hole, created at 
a distance Ax from the depletion area, reaches the depletion area and will be 
swept across the junction and subsequently collected is a strong function of 
the diffusion length L = \[DT: 
C = e 
Ax (3.4) 
Hence, as the lifetime increases also С will increase and, accordingly, the solar 
cell efficiency will rise. 
The open-circuit voltage Voc is described by: 
l /
o c =
^ l n ( ^ + l) 
e Is 







 + ±.(PE) 
\TnJ ND\TP) NA 
1/2' 
,-Eg/kBT (3.6) 
in which A is the effective area of the solar cell. 
Equations 3.5 and 3.6 show that if the carrier lifetimes increase the saturation 
current decreases and with it the open-circuit voltage and the output power 
increase. Hence, the efficiency of a solar cell is a complicated function of the 
lifetime. 
At our department GaAs solar cells are constructed. For these cells Al^Gai-xAs 
acts as both the window layer and buffer layer and is used to create the back 
surface field. Figure 3.9 shows the J-V-curve of one of our best GaAs solar 
cells. Because, as shown above, the lifetime is an important parameter in 
realising optimised solar cell structures the results of τ and S measurements 
on DHSs acted as a feed-back in order to optimise the growth conditions for 
maximum lifetimes. 
With reference to Fig. 3.10, the GaAs solar cell, grown at our department, 
is described as follows: the cell was grown on a Si-doped (100) 2° off to­
wards [110] GaAs substrate. This substrate was relatively high doped (n = 
1 χ 1018 c m - 3 ) in order to diminish the series resistance. On this substrate 
first a GaAs buffer layer was grown. This buffer layer is doped higher than 
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Figure 3.9: J-V curve of one of our best GaAs solar cells under A.M. 1.5 
illumination (1 sun). The open-circuit voltage Voc, the short-circuit current 
density J
sc
 and the maximum current and voltage (I
ma
x and Vmax) are indi­
cated. The ratio of the dotted (maximum power rectangle) to the total area 
enclosed by the J-V curve is the fill factor (FF). The series resistance for this 
cell is very low as the fill factor is close to its maximum value. 
the base of the solar cell to force the carriers, that are created in the base, into 
the proper direction. The electric field, which is responsible for this, is called 
the back surface field (B.S.F.). Sometimes this layer is partly replaced by 
AlxGai-zAs to enhance this effect2. On top of this B.S.F.-layer the base and 
emitter (the actual solar cell) are grown. As stated before the carrier lifetimes 
in this area must be high enough to ensure a large diffusion length. Note that 
the doping levels (indicated in Fig. 3.10) in the pn-junction equal the highest 
doping in the DHSs discussed in the previous part of this chapter. By optimis­
ing the growth conditions for these DHSs we were able to obtain lifetimes high 
enough to realise good solar cell quality. Especially, the material quality of the 
emitter is important because most of the photons are absorbed here. Finally, a 
2TRPL-experiments indicated that, for DHSs, the growth of an (Al,Ga)As buffer layer 
increased the minority-charge carrier lifetime. 
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Figure 3.10: Schematic drawing of the basic GaAs solar cell, grown at our 
department. 
window layer is made on top of the cell to decrease the surface recombination 
velocity at the emitter/air interface. This shows the importance of optimising 
for a low surface recombination velocity. The anti-reflection (A.R.) coating 
is used to capture more photons in the cell. In order to collect the carriers 
contacts are evaporated on the front and at the back of the structure. 
Hageman [19] calculated the efficiency of a GaAs solar cell under ideal 
circumstances by using a simulation programme (PC-ID, Ref. [20]). This re-
sulted in a maximal obtainable efficiency of η — 28.93% (our record: η — 23.6%), 
a fill factor of FF = 0.89 (0.88), a maximum current density of J
sc
 = 30.67 
mA/cm2 (25.4 mA/cm2) and an open circuit voltage of V = 1.0521 V (1.026 V). 
The world record so far is η = 25.1% (one square centimeter, A.M. 1.5). 
3.7 Conclusions 
To obtain the separate lifetimes of the different physical transitions in a given 
structure, exact knowledge of the doping level is required in order to extract 
the radiative lifetime and to ascertain that Auger-recombination may be ex­
cluded. 
If the radiative lifetime approaches the theoretical limit, correction for photon 
recycling is demanded. Measurement of the photoluminescence lifetime as a 
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function of active layer thickness in a DHS will untie the influences of the 
recombination in the bulk and that at the interfaces. 
For GaAs we found that if the doping level is increased, the measured 
lifetime approaches the theoretically expected limit of the radiative lifetime 
if the sample thickness is kept above 2 μτα. At lower active layer thicknesses 
the interface recombination velocity influences the decay. This is confirmed 
by temperature dependent measurements on DHSs with varying active layer 
thicknesses. Here, the thickest samples show dominant radiative decay over 
almost the entire temperature range while for the thinner GaAs layers a ther­
mally activated trap was found, indicative of non-radiative decay. 
Recombination at the interfaces is the most effective decay mechanism at dop­
ing densities below η ~ 1016 c m - 3 . In absolute values, S does not alter more 
than an order of magnitude over the whole doping range studied. 
The recombination at the interfaces is definitely more sensitive to the con­
centration of aluminium in the barrier layers of a Al
x
Gai_a;As /GaAs DHS. 
If the aluminium concentration in the barrier layers rises, the bulk-lifetime 
drops, probably caused by interdiffusion of oxygen. Its influence on the de­
cay is not as significant as that of the interface recombination velocity. The 
influence of the interface recombination velocity can be overcome if isotype 
double heterostructures with GaInP2 barrier layers are grown. The absence of 
aluminium decreases the interface recombination velocity to very low values. 
Our results, together with data from literature, indicate that for present 
growth techniques for GaAs only at very thick (d ^> 1 μτα) and/or low doped 
(n <C 10 1 6 cm - 3 ) structures the influence of the non-radiative recombination in 
the bulk becomes dominant. In all other cases either the surface recombination 
or the radiative decay controls the lifetime, depending on the doping concen­
tration. The bulk-lifetime tends to follow the behaviour of S. If the doping 
level is increased, recombination at SRH-centres in the bulk slightly enhances. 
Furthermore, the importance of intensity-dependent measurements is well 
established because - only if the effects of the other recombination mecha­
nisms can safely be neglected - the transition rates for the minority- and 
majority-charge carriers at deep level states can directly be deduced from 
the experimentally obtained decay curve. Generally, a series of measurements 
over a wide range of intensities is needed to extract these transition rates. 
In this case the ratio of the excitation density to the doping level is usually 
varied from IQ > 1 to IQ ~ 0.01. To each of the measured decay-curves a 
single-exponential lifetime is assigned. With help of the fitting procedure, the 
desired parameters are extracted. Although it is clear that in most cases the 
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measured decay is not truly single-exponential at all, this method provides 
far more reliable results than that described in Chapter 2, which results in 
inaccurate values because the radiative lifetime is orders of magnitude higher 
than the SRH-lifetimes and can be neglected in the fitting procedure. 
Hence for a complete and meaningful analysis of the separate decay mecha­
nisms in a double heterostructure configuration, accurate knowledge of various 
parameters is required. However, measurements at low injection density of a 
series of DHSs (with, for example, active layers below d = 0.5 μπι and above 
d = 2.0 μπι) will already give a strong indication of the quality of the GaAs 
sample. 
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Chapter 4 
Radiât i vely Controlled 
Lifetimes in Al x Gai_ x As 
Grown by Metal-organic 
Vapor Phase Epitaxy 
4.1 Introduction 
The role of AlzGai_xAs in minority-charge carrier devices such as light emit-
ting diodes [1] and multijunction solar cells [2] is well established nowadays. 
The minority-charge carrier lifetime is an important parameter in the op-
timalisation of the performance of these opto-electronic devices. Previous 
studies [3] indicated that the lifetime in Al^Gai-xAs was governed by non-
radiative Shockley-Read-Hall (SRH) [4,5] processes both in the bulk material 
and at the interfaces. In these processes carriers are captured at deep levels 
such as impurities and defects. It was found that the bulk-lifetime decreased 
and the interface recombination velocity, (S), increased with increasing alu-
minium concentration χ [6-8]. Oxygen is the dominating recombination centre 
in Al
x
Gai_a;As and, because it strongly binds to aluminium, an increase in χ is 
believed to cause a higher concentration of the recombination centres (Ref. [9] 
and Chapter 3). 
We report long minority-charge carrier lifetimes in AlyGai-yAs/AlxGai-^As 
(y > x) double heterostructures grown by metal-organic vapour phase ex-
pitaxy. The lifetime (тьм = 8.8 μβ) is found to be controlled by radiative 
processes in samples with aluminium concentrations of χ = 0.10 for the ac­
tive regime and y = 0.20 for the cladding layers; an extremely low interface 
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recombination velocity of S ~ 6.5 cm/s is found. At higher aluminium con­
centrations both the bulk and interface recombination rate increase rapidly. 
4.2 Experimental Details 
The DHSs were grown on Si-doped (100) 2° off towards [110] oriented GaAs 
substrates by metal organic vapour phase epitaxy at a total gas flow of 7 
standard litres per minute and at a pressure of 20 mbar. The source gases 
were trimethylgallium, arsine and trimethylaluminium. Hydrogen, which was 
purified by a palladium-cell, was used as a carrier-gas. The flow rate of group 
III and group V species was 125 and the growth rate was 1.7 μτα/h. The 
samples were grown at a fairly high temperature of Τ = 720°C because the 
concentration of oxygen-related defects is strongly reduced at this temper­
ature, whereas a further increase in temperature would cause interdiffusion 
problems [9,13,14]. 
Three series of DHSs with different values for the thickness of the active layer 
were grown: one with χ = 0.10 and y = 0.20, one with χ === 0.23 and y = 0.60 
and one with χ = 0.23 and y = 0.35. All barrier layers were 0.6 μτη thick. 
The quality of the active and barrier layers was checked by photoluminescence 
(PL) measurements, performed at Τ = 4.2 К. 





As layers were Np = 5 χ IO15 c m - 3 as determined from 
capacitance-voltage measurements. 
4.3 Results 
Figure 4.1 shows a 4 К PL-spectrum of the Alo.ioGao.9oAs active layer recorded 
at an excitation density of Ρ = 2.6 Wem - 2 . At 1.635 eV a carbon related lu­
minescence peak can be seen. The luminescence at 1.657 eV is due to bound 
exciton transitions. The intensity ratio of the carbon related emission to the 
exciton emission is a 1/6, indicative of good material quality [15]. 
In Fig. 4.2 a plot is shown of the inverse active layer thickness against 
the inverse lifetime for the Alo.10Gao.90As DHSs. A similar plot for the 
Alo.23Gao.77As DHSs in given in Fig. 4.3. 
From the slope of the line through the data points in Fig. 4.2, an interface 
recombination velocity of S = 6.5 cm/s can be extracted. The intercept of the 
slope with the Tp¿-axis gives a bulk lifetime of τ = 8.8 ßs. 
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Figure 4.1: Typical 4-2 K-PL spectrum of AÌQ^QGOQ^AS active layer (d = 
0.20 μτη). 
Estimates of В for AlzGai-^As indicate that BMGO,AS — BoaAs (see Chap­
ter 2). Because BGaAs a 1.4 x Ю - 1 0 cm3/s at 300 К, it follows from Eq. 2.14 
that Trad(AlGaAs) > 10 /ÍS at a doping level of Np = 5 χ IO15 c m - 3 . Hence 
the lifetime in these samples is dominated by radiative transitions. To our 
knowledge this is the first time that radiatively controlled decay times have 
been reported for AlxGai-^As [3]. Furthermore, the value of the interface 
recombination velocity S = 6.5 cm/s is unprecedently low and comparable 
with the best value found for the GaAs/GaInP2 interface: S < 1.5 cm/s (see 
Ref. [16] and Chapter 2). 
For the Alo.23Gao.77As /Alo.60Gao.40As DHSs, significantly lower lifetimes were 
measured as is shown in Fig. 4.3. The bulk lifetime of τ = 28 ns indicates 
that the decay in these samples is dominated by recombinations at deep 
levels. This is confirmed by the higher interface recombination velocity of 
S = 2.4 χ IO3 cm/s and by measurements performed at higher excitation den­
sity, where a pronounced majority-charge carrier lifetime was seen in the decay 
curve. Measurements on a series of Alo.35Gao.65As /Alo.23Gao.77As DHSs re­
sulted in similar values for the bulk-lifetime and the interface recombination 
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Inverse Layer Thickness (μηι ) 
Figure 4.2: rZ1 versus d - 1 for the AIQ^GOQ^QAS /AIQ^Q G OO.QQ AS double 
hetero structures measured at room-temperature. The solid line represents a 
best fit to the data points using Eq. 2.34. 
velocity: r = 17 ns and S = 1.5 χ IO3 cm/s. This higher S-value is expected 
to be correlated to the high aluminium concentrations in the cladding lay­
ers. Because TSRH OC 1/Nt, with Nt the trap density, a decrease of a factor 
of approximately two in lifetime as compared to the Alo.10Gao.90As DHSs is 
expected if oxygen is the only recombination centre in these samples. As TSRH 
is about 500 times lower we attribute the decrease in lifetime to the formation 
of DX-centres in Alo.23Gao.77As . DX-centres have a very large capture cross-
section (σ ~ 1 0 - 1 4 cm2) for both holes and electrons and become occupied at 
an aluminium fraction of χ > 0.22, which suggests that the DX-centre is likely 
to be a very efficient recombination centre at room-temperature [17]. The 
similar values for the capture cross-section strongly support a two-electron 
negative U model for the defect. Electrons are captured by the centre in the 
positively charged D + state and holes by the negatively charged D~ ground 
state [18]. The decay times in the Alo.23Gao.77As DHSs compare with the best 
values in literature for Al^Gai-xAs (ж = 0.23) and the interface recombina­
tion velocity is comparable with typical values of S for GaAs/AUGai-xAs 




: S = 2.40 χ ΙΟ3 cm/s 
τ= 3.66 ns 
τ= 7.20 ns 
-= 12.67 ns 
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Inverse Layer Thickness (μπι ) 
Figure 4.3: rZ versus d~l for the Aloso G00,40 A s /Alo.23Gao.r7 As double 
hetero structures measured at room-temperature. The solid line represents a 
best fit to the data points using Eq. 2.34-
hetero-junctions [3,19]. 
4.4 Conclusions 
In conclusion, we report extremely high bulk lifetimes and low interface re­




As . In the Alo.10Gao.90As DHSs the 
recombination is for the first time found to be radiatively controlled; S was 
as low as 6.5 cm/s. In the Alo.23Gao.77As structures the non-radiative re­
combination becomes more dominant. There is strong indication that not the 
oxygen recombination centres but the formation of DX-centres is responsible 
for the sharp decrease in the lifetime for these samples. The bulk lifetime in 
Alo.23Gao.77As is still among the highest reported for this material. The 5 of 
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Chapter 5 
Ultra Low Interface 




The minority-charge carrier lifetime of undoped GaInP2 has been investigated 
in disordered-ordered-disordered аІпРг double heterostructures. It is found 
that minority-charge carriers can be confined to the ordered GaInP2 if growth 
is performed on a (100) 6° off towards [111] substrate. Minority-charge carrier 
lifetimes of 1.20 ± 0.35 ßs are measured. These high lifetimes are the result of 
the extremely low interface recombination velocity of the disordered-ordered 
GaInP2 interface. 
Gao.51Ino.49P (hereafter GaInP2) is rapidly gaming importance as a wide 
bandgap semiconductor for opto-electronic and high-speed devices [1-3]. The 
material has a nominal bandgap of Eg = 1.92 eV and it is lattice matched to 
GaAs, which makes it an alternative to Alo.3sGao.62As. In this respect GaInP2 
has a number of advantages: low sensitivity to moisture and oxygen present 
during growth, no occupied DX-centres and high minority-charge carrier life-
times. Also, very low interface recombination velocities have been reported 
for the GaAs/GaInP2 interface (see Ref. [4] and Chapter 2). 
For devices as lasers and solar cells, knowledge of the carrier lifetime in the 
bulk and interface recombination velocity is essential for the improvement of 
device performance. There are few reports on the room temperature minority-
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charge carrier lifetime of аІпРг [5, 6]. In Chapter 6 we investigated the 




a;)o.5lno.5P barrier layers. Here, we more specifically report 
on the use of disordered аІпРг as a barrier layer. 
It is well known from literature that the actual bandgap of СаІпРг can be 
smaller than the nominal bandgap (1.92 eV) due to CuPt-type ordering on 
the group III sublattice. The difference in bandgap between the disordered 
(d) GaInP2 (1.92 eV) and ordered (o) GaInP 2 can be as large as 150 meV [7]. 
This significant energy difference enables the confinement of carriers in an or­
dered GaInP2 layer between two disordered GaInP2 barriers [8]. Since only 
one material with one composition is used for active layer and barrier layers, 
a high quality interface would be expected. 
5.2 Experimental Details 
Single layers of GaInP2 and double heterostructures were grown by low-
pressure metal-organic vapour phase epitaxy. Details on the crystal growth 
were published earlier [9]. In short, the source gases were trimethylgallium, 
trimethylaluminium, trimethylindium (TMI), arsine and phosphine. The TMI 
concentration was kept constant by ultrasonic concentration measurement and 
a feed-back loop. Hydrogen, purified by a palladium cell, was used as carrier 
gas with a total gas flow of 7 slm. The V/III ratio was 125 for GaAs and 
AlGaAs, 400 for GaInP2. The reactor pressure was kept at 20 mbar. The 
growth temperature was varied between 600 and 760°C which resulted in a 
growth rate between 1.9 and 2.2 μπι per hour. 
Si-doped GaAs substrates with three different orientations were used: 
(100) 2° off towards [110], (100) 6° off towards [111] and (100) 6° off to­
wards [111]. The DHSs were grown on (100) 6° off towards [111]. The layer 
thickness of single GatnP2 layers was 2.0 μπι. The DHSs consisted of 0.15 
μπι disordered GaInP2 barriers and ordered GaInP2 active layers of which the 
thickness was varied between d = 0.2 and d = 2.0 μπι. Prior to growth of 
the DHSs an Alo.2Gao.8As buffer layer was grown in order to minimise the 
concentration of oxygen and moisture in the reactor-cell. 
All epilayers were lattice matched to GaAs within (Aa/ao) = ± 5 x l 0 - 4 as 
determined by X-ray double diffraction measurements. The undoped GaInP2 
layers showed η-type residual background concentration (n = 6 x l 0 1 4 c m - 3 ) 
as measured by Hall-van der Pauw. The band-gap energy was determined by 
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Figure 5.1: 4-2 Kelvin PL-energy of GalnPi as a function of growth temper­
ature for three substrate orientations. 
photoluminescence spectroscopy at Τ = 4.2 К by using the non-moving emis­
sion, which is associated with (non spatially separated) exciton or band-band 
recombination [10]. The temperature dependence of the non-moving emission 
is, within the errors of measurement, the same for ordered [10] and disordered 
GaInP2 [11] and agrees with the temperature dependence of the photolumines­
cence excitation energies of different ordered samples [13]. This implies that 
the temperature behaviour of this emission is independent of the degree of or­
dering and, therefore, energy differences measured at Τ = 4.2 К remain valid 
at room temperature. Ordering of the layers was confirmed by transmission 
electron diffraction (TED) and high resolution ТЕМ measurements. 
5.3 Results 
In Fig. 5.1 the Τ = 4.2 К PL-energy of single аІпРг layers is given as a 
function of substrate orientation and growth temperature. The plotted energy 
is the measured PL-energy corrected for small differences in composition of 
the layers as determined by X-ray diffraction. 
Τ • 1 . | ι 1 1 r 
J . ! , i . L 
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From this figure it is clear that for all three substrate orientations the 
strongest ordering is obtained at Τ = 640 °C, whereas more disordered layers 
are obtained at low (Γ = 600 °C) and high temperatures (T > 740 °C). It 
can be seen that the influence of substrate orientation is even more important 
than that of the growth temperature. For all growth temperatures the (100) 6° 
off towards [111] orientation gives the strongest ordering (lowest band-gap), 
whereas (100) 6° off towards [111] gives the strongest disordering (highest 
band-gap). 
On a single substrate orientation the largest difference in bandgap is ob­
tained on (100) 6° off towards [111] when the growth temperature is switched 
from Τ - 640 °C to Τ = 760 °C. In this case the PL-energy difference between 
the ordered and the "disordered" layer is 90 meV. For the other investigated 
orientations a smaller degree of ordering takes place and the maximal PL-
energy difference is only A E ~ 35 meV. This value is in the order of the value 
of къТ at room-temperature (26 meV). Therefore, it seems unlikely that con­
finement of carriers will be possible. Indeed for a DHS grown on (100) 2° [110] 
the minority-charge carrier lifetime was below 2 ns. Since lifetimes in other 
GaInP2 structures are in the microsecond range, such a low lifetime can only 
be explained by recombination of carriers at the bare front surface. 
In Fig. 5.2 a 4.2 К photoluminescence spectrum is shown of a disordered-
ordered DHS, grown on a (100) 6° off towards [111] substrate. The ordered 
active layer was grown at 640 °C and the disordered barriers at 740 °C. Two 
separate peaks are observed, one of the ordered active layer at 1.92 eV and 
one at 1.98 eV of the disordered barriers. The measured energy in this case 
is somewhat higher than indicated in Fig. 5.1 because the composition was 
slightly lattice mismatched (Δα/αο = 4 χ IO - 4 ) . The difference in PL-energy 
between ordered and disordered layer is 60 meV. 
In Fig. 5.3 the [011] cross section TED patterns of single GaInP2 layers are 
shown for three different substrate orientations grown at 640 °C. For the (100) 
2° off towards [110] DHSs two ordering planes are observed: (111) and (111) 
(see Fig. 5.3a). For the (100) 6° off towards [111] only the (111) ordering plane 
is observed (see Fig. 5.3b), which indicates that the ordering direction of the 
superlattice is determined by the direction of step movement. On the (100) 
6° off towards [111] substrate only weak streaks in the TED are observed (see 
Fig. 5.3c). The primary characteristic of diffraction patterns of these ordered 
GaInP2 structures is that they exhibit intensity around the | ( i l l ) and | ( l l ï ) 
positions (see Fig. 5.3a). Such diffraction maxima suggest "Cu-Pt" ordering 
of the group III atoms on the (111) and (111) planes [14]. Ordering reflections 
can be seen in many diffraction patterns, including [031], [133], etc., but the 
[011] pattern contains most information as the streaking associated with the 
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Figure 5.2: Photoluminescence spectrum of the ordered GaInP2 /disordered 
GaInP2 double heterostructure at 4-2 K. The peak at 1.923 eV shows the lu­
minescence from the ordered active layer, whereas the one at 1.980 eV is at­
tributed to luminescence from the disordered cap-layers. Part of the spectrum 
(indicated with lOx) is recorded with a ten times higher sensitivity of the pho-
tomultiplier. 
ordering reflections lies within or close to the (Oil) plane. Characteristically, 
no ordering reflections are seen at [Oil] (or [031], [133], etc.) and this is 
indicative of the absence of the symmetry related (111) and ( ÏÏÏ) variants. 
The reduction of the symmetry of the bulk material at the (100) substrate 
surface evidently determines which variants are allowed, and it has also been 
found that a misorientation of the substrate towards one of the allowed variants 
leads to it being favoured relative the the other [15,16] (see Fig. 5.3b, where 
the misorientation is directed towards the allowed [111] variant and Fig. 5.3c, 
where the misorientation is directed to a not allowed variant and no explicit 
signs of ordering are observed in the diffraction pattern). 
For an example of a PL-decay measurement the reader is refered to curve A 
in Fig. 7.3, Chapter 7. Here, the decay of a d-o аІпРг DHS (d — 0.57 μ) at 
room-temperature is shown. Photoluminescence decay spectra of o-GaInP2 
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Figure 5.3: Transmission electron diffraction patterns of [Oil] cross section 
of GaInP2 grown at 64O °C: a) (100) 2? off towards [110], b) (100) 6° off 
towards [111] and c) (100) 6° off towards [111]. 
Table 5.1: Minority-charge carrier lifetimes in disordered-ordered-disordered 
GalnPi double hetero structures as a function of active layer thickness. 






1450 ± 240 ns 
1230 ± 240 ns 
1550 ± 160 ns 
880 ± 260 ns 
often show a non-exponential behaviour, which is due to the diffusion of the 
carriers to the d-GaInP2 layers. This relatively slow diffusion is caused by 
the existence of both ordered and disordered domains in the o-GaInP2 layer 
(see Fig. 7.4). Therefore, charge carriers have to overcome the disordered 
surroundings to diffuse to the interface. Though usually neglected, the last 
term on the right hand side of Eq. 2.11, i.e. the diffusion term, can not be 
neglected in this case. Following van Opdorp et al., [12] a non-exponential 
behaviour of the decay curve is expected. Lifetimes for the d-o-d DHSs as a 
function of the thickness of the ordered active layer are given in Table 5.1 and 
in Fig. 6.4, Chapter 6. 
All samples show room-temperature lifetimes of TPL = (1.20 ± 0.35) μβ, 
which is - to our best knowledge - the highest value reported for this ma-
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terial. The relatively high error in these data is caused both by the inac­
curacy in the determination of τρι in the case of a non-exponential decay 
form and by variations of τρι on a two inch wafer. These variations are 
certainly not due to variations in lattice mismatch or strain because double 
X-ray diffraction indicates a difference of no more than (Aa/ao) = 2 χ I O - 4 
across the wafer. Double heterostructures with disordered аІпРг as the ac­
tive layer and Alo.25Gao.25Ino.50P barriers did not exhibit this non-exponential 
behaviour (see Chapter 6). 
The interface recombination was estimated by using the variation in life­
time as a function of the thickness of the active layer. If a type I band structure 
is assumed and diffusion of carriers is fast (D/d » S), then the upper limit 
of the interface recombination velocity is S < 2 cm/s. Indications are found 
that the d-o-d structure has a type II band line-up (indirect) (see Ref. [17] 
and Chapter 7). In this case the measured lifetimes of TPL ~ 1.2 ßs can only 
be explained if holes are still trapped inside the ordered layer and diffusion 
towards the surface is slow. A reason for this may be the domain like structure 
of the ordered layer which may cause localisation of holes accompanied by a 
low diffusion coefficient. In any case microsecond room-temperature lifetimes 
can only be attained with highly perfect interfaces and a small amount of 
interface recombination centres (see also Chapter 7). 
5.4 Conclusions 
In conclusion, we have shown that it is possible to obtain a disordered-ordered 
DHS of GaInP2 by the choice of a (100) substrate that is misoriented 6° off 
towards [111] and by variation of growth temperature. A PL-energy difference 
between the ordered and disordered layer of 60 meV was measured. In d~~o-d 
GaInP2 DHSs record room-temperature lifetimes of τρι ~ 1.2 μβ were mea­
sured. In case of a type I band structure and fast carrier diffusion the estimated 
upper limit of the interface recombination velocity at the disordered-ordered 
interface was S < 2 cm/s. 
The authors are greatly indebted to S.M. Olsthoorn for performing the 
photoluminescence measurements, to G.J. Bauhuis for performing X-ray and 
electrical measurements and to F.A.J.M. Driessen for constructive discus­
sions. The financial support of the Dutch Agency for Energy and Environment 
(NOVEM) is gratefully acknowledged. 
This chapter is based on:" Ultra low interface recombination velocity in 
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ordered-disordered аІпРг double heterostructures." 
A. van Geelen, R.A.J. Thomeer, and L.J. Giling, Appi. Phys. Lett. 66, 454 
(1995). 
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Carrier Lifetimes in GaInP2 
Double Heterostructures 
6.1 Introduction 
The behaviour of the minority-charge carrier lifetime for nominally undoped 





АПпРг, Alo.25Gao.25Ino.50P and disordered GaInP2 ) has been investigated. 
We report GaInP2 room-temperature bulk-lifetimes in the microsecond range. 
The interface recombination velocity varies strongly with the content of alu­
minium in the barrier layers: S increases more than three orders of magnitude 
as the aluminium concentration in the barrier layers is increased. This strongly 
indicates the advantage of the use of aluminium free material for device ap­
plications. 
Gao.52Ino.48P (hereafter: GaInP2) lattice-matched to GaAs forms an attrac­
tive alternative to Al^Gai-xAs in opto-electronic devices, such as solar cells, 
laser structures and light emitting diodes (LEDs) [1-3]. Reasons are, amongst 
others, its high band-gap (Eff ~ 1.9 eV) and the low interface recombina­





As /GaAs interfaces. Furthermore, the carrier-trapping 
DX-center is not occupied in GaInP2 . For Al^Gai-^As the DX-center is 
already occupied at χ = 0.22 leading to higher recombination rates (see Chap­
ter 4). 
The minority-charge carrier lifetime, r, is an important parameter in the 
determination of the conditions for the optimum material quality of opto-
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electronic devices. It provides information on both the bulk-lifetime, r^fc, 
and the interface recombination velocity, 5, which are important for, for ex­
ample, the window-emitter design in solar cell devices [5]. 
We present minority-charge carrier lifetimes for randomly alloyed (disordered) 
GaInP2 double heterostructures (DHSs) with various barrier materials grown 
by metal-organic vapour phase epitaxy. The alloys АШ1Р2, Alo.25Gao.25Ino.50Pi 
and AlzGai-zAs (x = 0.50 and χ = 0.85) were grown lattice-matched to GaAs 
and acted as barrier layers. Under certain conditions of growth, regions of 
long-range ordering of the CuPt-type occur in GaInP2 , which leads to a de­
crease of the band-gap [6]. We have used this band-gap decrease to grow and 
investigate an ordered GaInP2 /disordered GaInP2 double heterostructure. 
6.2 Experimental Details 
The double heterostructures were grown by metal-organic vapour phase epi­
taxy at a total gas flow of 7 standard litres per minute and at a pressure of 20 
mbar. The source gases were trimethylgallium (TMG), trimethylaluminium 
(TMA), trimethy lindi um (TMI), arsine and phosphine. The TMI concentra­
tion was kept constant via concentration measurements and feed-back. Hy­
drogen, purified by a palladium cell, was used as a carrier gas. Oxygen and 
water concentrations in the reactor were typically lower than 10 ppb and 30 
ppb, respectively. The ratio of the group V to group III components was 125 
for the arsine containing compounds and 400 for the phosphorus containing 
compounds. With exception of the ¿(disordered)GaInP2 /o(ordered)GaInP2 
DHSs all structures were grown on Si-doped (100) 2° off towards [100] ori-
ented GaAs substrates at a growth temperature of Τ = 720°C. Along with 
the substrate orientation this resulted in a room-temperature value for the 
band-gap of Eg = 1.90 eV for the disordered GaInP2 layers. The d-o GaInP2 
DHSs, however, were grown on Si-doped (100) 6° off towards [111] GaAs sub­
strates at a temperature of 640°C for the ordered active layer and 740°С for 
the barrier layers (see Ref. [7] and Chapter 5). Prior to growth of the dou­
ble heterostructures an Alo.20Gao.80As buffer layer was grown to minimise the 
oxygen content in the reactor cell. 
Four series of DHSs were grown. The first series consists of an active 
layer of d-GaInP2 between АІІпРг barrier layers. For the second series d-
GaInP2 sandwiched between Alo.25Gao.25Ino.50P layers was grown. The third 
set consists of o-GaInP2 between бМЗаІпРг layers. The thickness of the active 
region of these sets was varied between 0.2 μπι and 2.0 μπι. All barrier layers 
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had a thickness of 0.15 μτα. In order to further investigate the influence 
of aluminium in the active and barrier layers a fourth series of DHSs was 
grown. This set consisted of two DHSs with a еМЗаІпРг active layer and 
Alo.5oGao.5oAs and Alo.85Gao.15 As barrier layers, respectively, and of two DHSs 
with 0.57 μτα thick Alo.05Gao.45Ino.50P and Alo.10Gao.40Ino.50P active layers 
and Alo.3oGao.2oIno.5oP barrier layers. For an overview of these structures we 
refer to Table 6.1. 
In order to prevent degradation of the lifetimes due to misfit-dislocations, 
care was taken to obtain closely lattice-matched structures. To determine the 
conditions for optimum lattice-matching, 2.0 μπι thick epi-layers of АШ1Р2, 
Alo.25Gao.25Ino.50P! ordered and disordered GaInP2 were grown on GaAs wafers. 
X-ray diffraction measurements showed that each of these structures was 
grown lattice-matched to GaAs to within e = (a
epi — asub)/(asub) = ±2 χ Ю - 4 . 
All layers were nominally undoped. In order to determine the residual carrier 
concentrations for our samples a test-structure, which consisted of a 10.0 μτα 
thick GaInP2 epi-layer on a GaAs substrate was grown. This structure showed 
η-type conductivity at 6.5 x 1014 c m - 3 from Hall-v.d. Pauw measurements. 
The quality of the samples was further checked by photoluminescence spec­
troscopy performed at Τ — 4.2 К. 
In Chapter 2 the values of the radiative recombination constant, B, for dis­
ordered and ordered GaInP2 are calculated. This results in room-temperature 




for ordered GaInP2 . Hence the radiative lifetime, i.e. the maximum photo-
luminescence lifetime, in our samples is TR ~ 8 μβ. 
6.3 Results 
The results of the time-resolved measurements on all the DHSs are shown in 
Table 6.1. 
Figures 6.1 and 6.2 show τρι versus d for the first two series of DHSs 
(АШ1Р2 /GaInP2 and Alo.25Gao.25Ino.50P /GaInP2 ). From Eq. 2.34 the cor­
responding interface recombination velocities, S, (slopes of the best fit through 
the data-points) and bulk-lifetimes in the active layers (intercepts of the fit 
line with the Tp¿-axis) can be determined. For the first set of DHSs we calcu-
lated S = (85±5) cm/s and a bulk-lifetime of тьиік = (7 ± 2) μβ, which is close 
to the radiative lifetime (TR ~ 8 μβ). This leads to a non-radiative lifetime 
of TSRH ~ 45 με. For d-GaInP2 between Alo.25Gao.25Ino.50P layers the bulk 
lifetime could be determined more accurately: тъык = (2.6±0.2 μβ), while 
5=(7±1) cm/s. 
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Table 6.1: Overview of 300 К photoluminescence lifetimes of the double het­
ero structures. The thickness of the active layers is indicated. For all barrier 
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In Fig. 6.3 the dependence of the lifetime on temperature is plotted for the 
Alo.25Gao.25Ino.50P /GaInP 2 DHS with a layer thickness of 0.57 μπι (left-hand 
side). Upon decreasing the temperature, first a slight increase of the lifetime 
is observed, reaching a maximum at Τ ~ 250 K, which indicates the presence 
of a thermally activated trap [8]. If the temperature is further decreased the 
behaviour of the lifetime agrees reasonably with the temperature dependence 
of the radiative recombination constant I/TPL ОС В oc Τ - 1 · 5 . Below Τ ~ 90 Κ 
lifetime measurements are hampered by carrier freeze-out, which makes fur­
ther measurements not useful. If the recombination in the GaInP2 active 
layer is completely radiative the effective lifetime equals rrat¿ and, hence, the 
quantum efficiency equals 77 = 1 (see Section 2.3). Therefore, the integrated 
PL-spectrum of the GaInP2 layer should not increase with decreasing temper-
ature in the region where the decay is assumed to be radiative. The integrated 
photoluminescence signal as a function of temperature is shown in the right-
hand side of Fig. 6.3. It is shown that below Τ ~ 170 К the recombination 
in the active layer is radiative, because the integrated luminescence signal is 
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Inverse Layer Thickness (μπι ) 
Figure 6.1: Трі versus d~l for the AlInP<¿ /GalnPz double heterostructures 
measured at room-temperature. The solid line represents a best fit to the data 
points using Eq. 2.34-
approximately equal in this temperature region1. In the intermediate temper-
ature region, (170 K< Τ < 250 К), the high non-radiative lifetime influences 
the quantum efficiency and the integrated luminescence signal still increases. 
A Τ = 4.2 К photoluminescence spectrum of one of the d-o GaInP2 DHSs 
of series number three is already shown in Chapter 5 (see Fig. 5.2). The peak at 
1.923 eV involves emission from the o-GaInP2 layer. The photoluminescence 
from the barrier layer is seen at a 1.980 eV. 
Figure 6.4 shows the PL lifetimes for this series. No clear relationship can 
be determined between τρι and d: the data scatter considerably between 
0.8 μδ and 1.55 ßs. In addition, the TPL'S vary slightly across the wafer for 
these structures. At best we can fit a straight line through the errors in the 
measurements and estimate the interface recombination velocity. This results 
in an upper limit for the interface recombination velocity: S < 2 cm/s. 
'At temperatures below Τ ~ 130 K, the exact integration of the luminescence spectrum 
of the GaInP2 layer was hindered by a second PL-signal resulting from the underlying 
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Figure 6.2: Tp¿ versus d~l for the j4lo.25 0oo.25/no.50-P /GalnPz double het-
erostructures measured at room-temperature. The solid line represents a best 
fit to the data points using Eq. 2.34· 
For the Alo.85Gao.15As/GaInP2 DHSs for all active layer thicknesses the 
TRPL-curve showed a distorted profile with τρι ~ 2ns. Therefore, the exact 
lifetimes could not be determined without significant error for these DHSs. 
For the Alo.5oGao.5oAs /GaInP2 DHS we found a PL-lifetime of 90 ns. In first 
approximation we assume that the material quality of the active disordered 
аІпРг layer is the same in all DHSs (им ~ 5 μ&). The values of the interface 
recombination velocities can then be calculated for the different interfaces with 
Eq. 2.34. It is clear that S is highly dependent on the aluminium fraction of 
the cladding layers: A PL-lifetime of 90 ns indicates 5 ~ 180 cm/s for the 
Alo.50Gao.50As/GaInP2 interface. For the Alo.85Gao.15As/GaInP2 structures 
only a minimum value of the interface recombination velocity can be given: 
S > 5 χ IO3 cm/s, a value normally found for Ala.Gai_a.As /GaAs interfaces 
with χ > 0.80 [9]. An overview of the interface recombination velocities is 
given in Table 6.2. 
The experiments on the (Alj;Gai_a:)o.5oIno.5oP (x=0.10 and 0.20) DHSs 
demonstrate a dramatic influence of the introduction of aluminium in the 
.
 ( r r 
Al Ga In P/Ga„Jn f t,P: 
0.25 0.25 0.5 ° · 5 0-5 5 = 7 cm/s 
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Figure 6.3: Lifetime (in nanoseconds) versus temperature for the 
Ak.2b Gao,2bIno.5oP /GalnP-i double heterostructure with an active layer thick­
ness d = 0.57 μτη (%). Measured points at room-temperature (R.T.) and 
250 К are indicated. On the right-hand side axis the integrated luminescence 
spectrum of the GaInP2 active layer is shown (~~). 
active layer (see Table 6.1). An aluminium fraction of only 0.05 in the active 
layer leads to a sharp decrease in PL lifetime, from 1.3 /xs to 23 ns. If more 
aluminium is added (x = 0.10), the lifetime further decreases to 8 ns. 
6.4 Discussion 
The interface recombination velocity, 5, for the АПпРг / аІпРг interface 
(5=85 cm/s) is comparable with the best literature values for the ALjGai-aAs 
/GaAs interface (x ~ 0.30) [8,10]. This is indicative of a very low density of 
recombination centers. 
This value is surpassed by the 5 = 7 cm/s for the Alo.25Gao.25Ino.50P /GaInP2 
interface, which is one order of magnitude smaller. It is known that oxygen 
strongly binds with aluminium and introduces mid-gap states at the inter­
faces (i.e. effective recombination centers) thereby increasing 5 [11,12]. In 
the Alo.25Gao.25Ino.50P /GaInP2 DHSs the aluminium content is strongly re-
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Figure 6.4: r p ¿ versus d г for the d-o GaInP-2 double heterostructures mea­
sured at room-temperature. 
duced, so less Al-0 bonds are formed at the interface than for the АІІПР2 
/GaInP2 case, which implies a lower recombination velocity. If we assume 
a type I heterostructure for the d-o GaInP2 interface, the influence of alu­
minium in the barrier layers becomes even more pronounced. For these sam­
ples no aluminium is present in the barrier layers which leads to a very low 
density of interface recombination centers, what explains the extremely low 
value of S < 2 cm/s. Comparable low values have previously been reported 
for GalnAsP/InP and GalnAsP/GaAs interfaces that possess interface recom­
bination velocities of S = 5 cm/s [13]. Furthermore, the very low interface 
recombination is comparable with that of the GalnP2 /GaAs interface as found 
by Olson et al: S < 1.5 cm/s [4]. However, by studying the dependence of the 
lifetime on temperature of one of these DHSs, we obtained strong indications 
that the band-alignment between о and <i-GaInP2 is type II (where, in case, 
the conduction band level of the ordered GaInP2 layer is below that of the dis­
ordered GaInP2 barrier layer) and that the band curvature in the d-toplayers, 
which is caused by the pinning of the Fermi-level at mid-gap at the surface, 
confines holes at the d side of the interface (see Chapter 7). In this case holes 
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Table 6.2: List of the various interfaces and their recombination velocities at 
300 K. For the double heterostructures of which only one active layer thickness 
has been grown a bulk-lifetime of τ ~ 5 μβ for d GaInP% is assumed. These 
layers are marked with an *. 
Interface 
о GaInP 2 /d GaInP2 
d GaInP 2 /Alo.25Gao.25Ino.50P 
d GaInP 2 /AlInP2 
d GaInP 2 /Alo.5oGao.5oAs 
d GaInP 2 /Alo.85Gao.15As 




и 180 cm/s * 
> 5 χ 103 cm/s * 
are confined at the d side of the o-d interface because of the band curvature. 
We found hole localisation in these d — о — d-GaInP 2 layers even at room-
temperature, which may account for the long lifetimes. But also for type II 
band alignment the quality of the α-d interface must be very good because 
otherwise a continuous diffusion to this interface followed by recombination 
should occur which reduces the PL lifetime. The staggered band line-up was 
also used by Schneider et al. [14], to explain their data on d-o-d quantum wells. 
The interface recombination velocity, which is found for the Al
x
Gai_EAs 
/GaInP 2 (x = 0.50) interface, is of the same order of magnitude as that of 
the first series of DHSs, which is consistent because both DHSs have the same 
aluminium content in their barrier layers. In the case of the Alo.85Gao.15As 
/GaInP 2 DHSs S is much higher, which is explained by the higher density of 
recombination centres induced by a higher concentration of oxygen. 
The influence of aluminium becomes even more clear from the decay mea­
surements on the DHSs with aluminium in the active layers. Here, the PL-
lifetime strongly decreases as a relatively small fraction of aluminium is in­
corporated in the active layers indicating a strong increase in recombination 
centers for these samples. The introduction of aluminium in the GaInP 2 in­
terfaces appears to have a much lesser influence on the recombination velocity 
(see Table 6.2). The dramatic change in bulk-lifetime as compared with the 
smaller change in interface recombination may be due to the fact that at the 
interfaces the overlap of the wavefunctions of the charge carriers and the re­
combination centres is smaller than in the bulk. This leads to a higher chance 
of recombination in the bulk. 
For the first series a slightly lower bulk-lifetime is found compared with 
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that of the second series. This somewhat lower bulk-lifetime can be attributed 
to an increased photon recycling factor in this case. The refractive index for 
АШ1Р2 as calculated from the data of Moser et al. [15] is η = 3.17 at the 
band-gap energy, whereas for Alo.25Gao.25Ino.50P the refractive index equals 
η = 3.32. Hence more photons are reflected at the АІІпРг / аІпРг interface 
leading to a higher photon recycling factor and a higher photoluminescence 
lifetime in this case [16]. 
From Eq. 2.33 the radiative lifetime is expected to vary with tempera­
ture as TR OC Τ 1 , 5 (if band-non-parabolicity is included this changes slightly 
to: TR OC Τ 1 , 5 4 for GaAs [17]). The measured temperature dependence is 
plotted in Fig. 6.3 and shows that TPL is close to T 1 · 5 . This is consistent 
with experimentally found temperature dependences of radiative transitions 
in GaAs [4,8,17-19] and GaInP2 [4], where the radiative lifetime is reported to 
vary with temperature as трі ос Ть, with 1.3 < ò < 1.9 (see Chapter 2). This 
result further confirms that the lifetime in these samples is dominated by ra-
diative transitions. This is in agreement with the measurements, in which the 
thickness of the active GaInP2 layer was varied. Here, a relatively high SRH-
lifetime and a low interface recombination velocity were found (see Fig. 6.2). 
The SRH-lifetime of τ ~ 45 μβ indicates that the increase in lifetime from 
room-temperature down to Τ = 250 К is most probably due to a thermally 
activated trap situated at the interface. As the temperature is lowered the in­
terface recombination velocity decreases in a exponentially activated process, 
which is connected to multiphonon relaxation [20]. This behaviour has also 




As /GaAs interface [21]. 
6.5 Conclusions 
We have investigated the behaviour of the bulk-lifetime and interface recom­
bination velocity for GaInP2 double heterostructures with different barrier 
layers: we report a bulk-lifetime of τ = 2.6 - 7 μ&, which is close to the 
radiative limit for disordered GaInP.2 Temperature dependent measurements 
reveal that the decay in these samples has a predominantly radiative nature. 
For ordered GaInP2 the bulk-lifetime is slightly lower τ = (1.2 ± 0.35)μβ. To 
the best of our knowledge these are the highest lifetimes reported for GaInP2 
structures at room-temperature. It should be emphasised that these are room-
temperature lifetimes; the very long decay curves that are found in ordered 
GaInP2 structures at Τ = 4.2 К are governed by recombination between a 
photoexcited hole and an electron that is strongly localised on a donor in an 
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ordered superlattice domain (see Refs. [22-24] and Chapter 7). This spatially 
indirect recombination leads to very long decay times. However, in our case 
both the electrons and holes are confined by the barrier layers and direct tran­
sitions dominate the decay (k selection prevails). We have indications that a 
type II band-alignment occurs between о and d-GaInP2 with an additional 
hole localisation at the d side of the interface by band curvature. In any case 
the o-d GaInP2 interfaces are of very good quality. 
The interface recombination velocity definitely increases with increasing 





/ аІпРг interfaces, where an increase of χ leads to a decrease in lifetime and 
for the o — d GaInP 2, Alo.25Gao.25Ino.50P /GaInP 2 and АШ1Р2 /GaInP2 in­
terfaces were a higher aluminium content in the barrier is accompanied by a 
higher recombination velocity (from S < 2 cm/s to S=(85±5) cm/s). An even 
more pronounced behaviour is observed for the bulk-lifetime when aluminium 
is introduced in the active layer, yielding a very sharp decrease in the decay 
time. 
The authors are grateful to S.M. Olsthoorn for performing the photolu­
minescence measurements and to G.J. Bauhuis for the X-ray and electrical 
measurements. Financial support from the Dutch Agency for Energy and En­
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in Ordered GaInP2 
7.1 Introduction 
The temperature dependence of carrier lifetimes in ordered (o)-GaInP2 epi-
layers was investigated with and without cladding layers of disordered (d) 
аІпРг . The extremely long lifetime of the emission that moves with laser 
excitation density and the shorter lifetime of the non-moving emission per­
sist up to Τ = 50 К and 300 К, respectively. Both decays involve localised 
holes. By removal of the d-toplayer of the double heterostructure, an en­
hanced hole diffusion to the surface occurs, which results in a slightly faster, 
non-exponential decay. It is argued that, within the nominally ordered layer, 
a type II recombination occurs and that o- and d-GaInP2 exhibit a type II 
band line-up. The appropriate band curvatures in the d-toplayer cause hole 
localisation at the d-side of the о — d interfaces. The minority-charge carrier 
lifetime shows two-dimensional behaviour between Τ = 70 К and Τ — 170 К, 
and a decrease above 170 K. 
Under certain conditions of growth, virtually all pseudobinaxy III-V alloys 
exhibit regions of monolayer superlattice ordering, which causes a band-gap 
reduction [1]. Gao.52Ino.4sP (hereafter: GaInP2 ) is lattice matched to GaAs 
and the ordered state of this alloy has a particularly large band-gap reduc­
tion with respect to the disordered GaInP2 (random alloy). This explains 
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the current interest in this alloy, along with the potential of Ga^Ini-^P to 
replace ALjGai_
x
As . Reasons for the latter are that the DX-centre is not 
occupied in GaInP2 [2], the GaAs/GaInP2 interface recombination velocity 
has a very low value [3], and carbon does not incorporate as a residual ac­
ceptor in undoped Gaxlni-^P grown by metal-organic vapour phase epitaxy 
(MOVPE) [4] (in AlajGai-zAs carbon is a major p-type contaminant). Re­
cently, the two band-gap states of GaInP2 were already used in band-gap 
engineering: disorder-order-disorder (d-o-d) light-emitting diodes [5], d-o-d 
uni-compositional quantum wells [6] a nd o-d modulation-doped junctions [7] 
were reported. A staggered band line-up was recently suggested by Schneider 
et al. [6] to explain their d-o-d quantum well data. 
A variety of anomalous properties were reported for o-GaInP2 such as the 
inverted-5 shape of photoluminescence energy as a function of temperature [8], 
a strong shift of PL-energy as a function of excitation density ("moving emis­
sion"), extremely long lifetimes at Τ — 4.2 К [9,10], and new features in 
PL-polarisation [11] and photoreflectance (PR) spectra [12,13] at high tem­
perature. In contrast to the high-temperature properties, which show zone 
folding and valence band splitting, those at low temperatures cannot be ex­
plained on the basis of the calculated band structure because of the complex 
nominally ordered state: two variants of ordered microdomains with anti­
phase boundaries in a disordered matrix. It has generally been accepted that 
the long lifetimes of the moving emission at Г = 4.2 К can only be caused 
by spatial separation of electrons and holes, although the exact nature of this 
separation is not known. 
In this chapter we studied the temperature dependence of PL-lifetime of 
o-GaInP2 . A previously reported [14] single o~GaInP2 layer and a double 
heterostructure with o-GaInP2 as active layer and d-GaInP2 as barrier layers 
were investigated. We discuss on the band-offsets of the d- and o-layers and 
on the local recombination within the ordered layer. 
7.2 Experimental Details 
The epi-layers were grown by MOVPE at a pressure of 20 mbar. Sample 
(A) was a 2.1-μπι thick o-GaInP2 layer grown on a semi-insulating GaAs 
(100) substrate oriented 2° off towards [110] at a temperature of 700°C and 
with a V/III ratio of 870. This single epi-layer was nominally undoped and 
showed η-type conductivity with carrier concentration 3.4 χ IO15 c m - 3 at 
room-temperature. Sample (B) was a double heterostructure (DHS) grown 
on a Si-doped (100) 6° off towards [111] GaAs substrate and consisted of a 
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0.57 μπι thick o-GaInP2 active layer sandwiched between 0.15 μπι thick d-
GaInP2 cladding layers (high band-gap). Growth temperatures for active and 
cladding layers were 640 and 740°C, respectively; the V/III ratio was 400. The 
η-type carrier concentration in this sample was 6.5 χ 1014 c m - 3 . The degree 
of ordering of the active layer of the DHS was higher than that of the single 
epi-layer. However, all anomalous properties are known to occur in o-GaInP2 
grown under both conditions. 
7.3 Results 
The PL-spectra at different temperatures Τ of sample A can be found in 
Fig. 7.1 as taken from Ref. [15]. The photon energy as a function of tem­
perature in ordered GaInP2 shows anomalous behaviour. The dashed curve 
(curve A) visualizes the energy of the PL maximum. With increasing temper­
ature (T = 4-20 K) an initial small decrease in energy was observed, followed 
by an increase in energy (T from 20-45 K) and finally a decrease again: the 
so-called inverted-5 shape [16,8]. This behaviour is characteristic of ordered 
semiconductor structures1. At low Τ the moving emission (at lowest energy, 
peak A) dominates the spectrum and it has a small spectral overlap with the 
non-moving emission (peak B). 
Figure 7.2 shows the PL-decay curves of sample A at various temperatures. 
The measured decay curves are composed of two contributions: a very slow 
decay, which is clearly visible up to t = 10 jus and corresponds to the moving 
emission, and a more rapid decay, which dominates the decay curve for t < 1 μβ 
and involves the non-moving emission. For Τ < 30 К the curves are virtually 
the same: they predominantly show slow decay of the moving emission. The 
curve recorded at Г = 50 К has decreased markedly, which is caused by 
the decrease in PL-intensity of the moving emission and the larger spectral 
overlap with the non-moving emission. The contributions of the very slow 
and more rapid decay processes to the decay curves at a fixed temperature 
could be varied in a similar way by tuning the detection energy at the intensity 
maxima of moving and non-moving emissions, respectively. Up to Г = 50 К 
our data agree with the Τ = 4.2 К data on o-GaInP2 of Delong et al. [10]: a 
long-lived moving emission and a short lived non-moving emission at higher 
energy. Above Г = 50 К the moving emission disappeared. It should be 
emphasized that the above data involve the sample without cap layer. That 
the decay processes of moving and non-moving emissions can be monitored at 
1This behaviour differs from that of randomly alloyed semiconductors, where PL-lines 
follow the band-gap that increases monotonically with decreasing temperature. 
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Figure 7.1: Temperature dependence of the photoluminescence spectra from 
Τ = 4-2 - 45 К of sample A as taken from Ref. [15]. At low temperatures the 
moving emission (labeled A) dominates the PL-spectrum. The peak intensities 
of the non-moving emission are indicated by the dashed curve B. The low-
energy shoulder in the lowest temperature spectra are attributed to an LO-
phonon replica (labeled LO). 
all, means that both emissions have a localised nature of the holes, which are 
the minority-charge carriers. Otherwise fast decay at non-radiative surface 
states would limit the lifetime at values well below the detection limit of our 
experimental apparatus (2 ns). We find here that the decay signal of the non-
moving emission remains observable up to room-temperature; the decay-curve 
is then similar to the 98 К decay-curve in Fig. 7.2. Thus, localised holes are 
still present in the material at room-temperature. A type II band line-up 
that causes electron localisation in ordered domains and hole localisation in 
the embedding d matrix, would correspond with these data and also with the 
previously found spatial separation, and the band offsets in d — о — d quantum 
wells. 
We now turn to the data of the DHS (sample B) for which 4.2 K-PL emis-
a 
cu 






























Figure 7.2: Photoluminescence decay curves of sample A recorded at Τ =4-2, 
20, 30, 50 and 98 K. The excitation density was Δ η = IO1 5 cm~3. The first 
two curves virtually overlap. (A time window of 10.0 μβ was applied.) 
sion of the d-cladding layers occurred at 1.917 eV and that of the o-layer 
at 1.88 eV. The latter consisted of both moving and non-moving emissions 
because of the relatively high excitation density used. To investigate the im­
portance of the interfaces, we also measured the 300 К decay curve after 
removal of the d-toplayer of the DHS by etching with HCl. A stepper profiler 
was used to control the depth of etching. Curves (a) and (b) in Fig. 7.3 show 
the data before and after etching, respectively. The initial non-linear decay in 
both curves is due to bimolecular decay which depends hyperbolically on laser 
excitation density (see Chapter 2). Curve (b) decays faster than curve (a) and 
is similar to the 300 К curve of sample A. But both decays are much longer 
than the decay of minority-charge carriers of a bare surface GaAs layer, the 
curve of which is shown in Fig. 7.3 for comparison. Two conclusions can be 
drawn: First, for both samples A and В room-temperature hole localisation 
occurs in the o-layer for the previously mentioned reasons. The difference in 
the decay curves is not due to an internal difference in the o-layers but to 
an enhanced hole diffusion to the surface, if no d-toplayer is present. The re­
moval of the top barrier layer in sample В reduces the measured lifetime and 
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Figure 7.3: Room-temperature decay curves of sample В before (a) and after 
(b) removal of the d-toplayer. Curve (c) shows the decay of material without 
hole localisation; a G a As epi-layer. 
accounts for the non-exponential behaviour. Second, the enhanced lifetime in 
the presence of a d toplayer requires a barrier for the holes. This, of course, is 
present in type I band offsets but also appears in the case of a type II offset, 
as shown in Fig. 7.4a. 
This figure shows type II band line-ups between о and d-layers, and - on a 
microscopic level - between the о and d domains within the nominally ordered 
layer. The band curvature of the thin d-toplayer - which is exaggerated in 
Fig. 7.4a - is fully determined by the boundary conditions: surface pinning of 
the Fermi level Ep at mid-gap, the residual doping concentration profile and 
the conduction band offset ΔΕ0 between o- and d-layers. This same curvature 
in the valence band prevents holes from diffusing to the surface and confines 
them at the interface, albeit at the d-side. The absence of a d-toplayer removes 
the barrier for holes and increases the depletion field in the o-layer by Fermi 
level pinning, as shown in Fig. 7.4b. These two effects lead to an enhanced 
diffusion to the surface. 
In this case the dependence of the measured lifetimes is described by 
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Figure 7.4: Staggered band structures of a) sample В (DHS) and b) same 
sample after removal of the top barrier layer. The capitals refer to the macro­
scopic disordered and ordered layers; the small characters indicate the ordered 
domains and their disordered surroundings. 
Eq. 2.11. Though usually neglected, the last term on the right hand side 
of Eq. 2.11, i.e. the diffusion term, can not be neglected in this case. The 
radiative lifetime is a material constant (see Chapter 2) and TSRH is inversely 
proportional to the density of recombination centers. 
We studied a series of d-o~d DHSs and found, despite long lifetimes, no 
well defined relationship between 1/r and 1/d (see Chapters 5 and 6). This 
means that values for both S and D are very low. A low S corresponds to 
high-quality interfaces. Hole confinement appears to be responsible for the 
low value of D, because estimates of the diffusion constant on the basis of free 
minority-charge carrier diffusion can not account for this low value. 
Finally, we turn to the temperature dependence of the decay of sample B. 
Behaviour similar to that of sample A was observed below Τ = 70 К. From 
Τ = 70 К to Τ = 170 К single-exponential decay curves were measured, 
which permits the extraction of the minority-charge carrier lifetime т. Fig­
ure 7.5 shows the dependence of τ on temperature. Between Τ = 70 К and 
Τ = 170 К the data can be described by the formula: r oc (T/To)a, with 
a = 1.0 ± 0.2. Above Τ = 170 К, τ decreases with temperature. The expo­
nent a is known to have values of 1.0 and 1.5 for two and three dimensional 
electron systems, respectively. For quasi-two dimensional systems, such as 
wide quantum wells with several occupied subbands, intermediate values for 
a have been found [17]. 
The experimental value of a strongly indicates a (quasi-) two dimensional 
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Figure 7.5: Minority-charge carrier lifetime τ versus temperature for the 
DHS [sample B]. 
decay process below Τ = 170 К, caused by electrons that are confined in 
the ordered domains (because these domains are of quantising thickness ( « 3 -
6 nm) [18]) and by confined holes, which are spatially separated in the d 
regions. Above Τ = 170 К holes confined by the triangular potential well at 
the d-side of the d — о interface are activated across the barrier and reach 
the surface where they recombine non-radiatively. This leads to the observed 
decrease of the measured lifetime. The shallow barrier is estimated to be 
approximately 15-30 meV. 
7,4 Conclusions 
In conclusion, we report time-resolved photoluminescence of o-GaInP2 for 
temperatures ranging from 4.2 to 300 K. A single o-GaInP2 epi-layer and a 
DHS of d-o-d GaInP2 were used. The long lifetimes of the moving and non-
moving emissions pertain up to Τ = 50 К and 300 К, respectively. Both decays 
are non-exponential and, most importantly, they involve localised holes. By 
removal of the d-toplayer of the DHS, an enhanced hole diffusion to the sur-
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face occurs. This process is responsible for the reduction of lifetimes in single 
o-layers and for the non-«xponential behaviour. Type II recombination within 
the nominally o-layer and a type II band line-up for the o- and ¿¿- аІпРг lay­
ers can explain our data and literature data on o-GaInP2 . Two-dimensional 
behaviour of the minority-charge carrier lifetime is observed between Τ = 70 К 
and 170 К in the DHS; this is attributed to electron confinement in the о do­
mains and hole confinement in the d regions. When Τ > 170 К the lifetime 
decreases because holes are thermally excited across the shallow barrier in­
duced by the band curvature. 
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cence lifetimes in ordered GaInP2 " 
R.A.J. Thomeer, F.A.J.M. Driessen, and L.J. Giling, Appi. Phys. Lett. 66, 
1960 (1995). 
References 
1. S.-H. Wei and A. Zunger, Appi. Phys. Lett. 56, 662 (1990) 
2. D. Costa, and J. Harris Jr., IEEE Trans. Electron. Devices 59, 2383 
(1992) 
3. J.M. Olson, R.K. Ahrenkiel, D.J. Dunlavy, B. Keyes, and A.E. Kibbler, 
Appi. Phys. Lett. 55, 1208 (1989) 
4. H. Leier, A. Marten, K.-H. Bachern, W. Pletschen, and P. Tasker, Elec­
tron. Lett. 29, 868 (1993) 
5. M.K. Lee, R.H. Horng, and L.C. Haung, J. Appi. Phys. 72, 5420 (1992) 
6. R.P. Schneider Jr., E.D. Jones, and D.M. Follstaedt, Appi. Phys. Lett. 
65, 587 (1994) 
7. F.A.J.M. Driessen, G.J. Bauhuis, P.R. Hageman, and L.J. Giling, Appi. 
Phys. Lett. 65, 714 (1994) 
8. M. Kondow and S. Minagawa, Appi. Phys. Lett. 54, 1760 (1989) 
9. J.E. Fouquet, V.M. Robbins, J. Rosner, and O. Blum, Appi. Phys. Lett. 
57, 1566 (1990) 
10. M.C. DeLong, W.D. Ohlsen, I. Viohl, P.C. Taylor, and J.M. Olson, J. 
Appi. Phys. 70, 2780 (1991) 
108 The Temperature Dependence of Photoluminescence Lifetimes ... 
11. A. Mascaxenhas, S. Kurtz, A. Kibbler, and J.M. Olson, Phys. Rev. Lett. 
63, 2108 (1989) 
12. T. Nishino, Y. Inoue, Y. Hamakawa, M. Kondow, and S. Minagawa, 
Appi. Phys. Lett. 53, 583 (1988) 
13. S.R. Kurtz, J.M. Olson, and A. Kibbler, Solar Cells 24, 307 (1988) 
14. G.J. Bauhuis, F.A.J.M. Driessen, and L.J. Giling, Phys. Rev. В 48,17239 
(1993) 
15. F.A.J.M. Driessen, G.J. Bauhuis, S.M. Olsthoorn, and L.J. Giling, Phys. 
Rev. В 48, 7889 (1993) 
16. M. Kondow, S. Minagawa, Y. Inoue, T. Nishino, and Y. Hamakawa, 
Appi. Phys. Lett. 54, 1760 (1989) 
17. G.W. 't Hooft, M.R. Leys, and M.J. Thalen-van der Mheen, Superlattices 
and Microstructures 1, 307 (1985) 
18. F.A.J.M. Driessen, G.J. Bauhuis, P.R. Hageman, A. van Geelen, and L.J. 
Giling, Phys. Rev. B. 50, 17105 (1994) 
Chapter 8 
Minority-Charge Carrier 




The growth of strained layers (i.e. layers with a lattice constant different 
from that of the substrate) enables the development of III-V based harge 
carrier devices with properties not achievable with lattice-matched semicon­
ductor structures. For example, it was shown that the presence of strain in 
the active region of semiconductor lasers resulted in a higher performance and 
reliability as compared with lattice-matched structures [1-3]. Furthermore, 
strain is of great importance in GaAs-based devices grown on economically 
interesting substrates like germanium and silicon. Additionally, if devices in 
which strained layers are incorporated exhibit comparable (or better) opto­
electronic properties, it is possible to grow graded bandgap solar cell devices, 
which make a more effective use of the solar cell spectrum [4]. 
In this study we have investigated the influence of strain on the minority-
charge carrier lifetimes of GaAsi_a;P
x
 and Alo^oGaasoAsi-zPi epi-layers on 
GaAs substrates. This alloy shows severe lattice mismatch with GaAs (or 
GaP) substrates, even at low values of x: at room-temperature the lattice 
constant decreases from о = 5.6533 A for GaAs (x = 0.00) to a = 5.4506 A for 





 on different substrates with respect to charge carrier life-
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time measurements. However, most of this work concentrates on GaAsi_a;P
x 
epi-layers in which misfit-dislocation are formed [6-10] or in the region where 
the indirect transition dominates (x < 0.40) [11]. In this work the phosphorus 
content of the active layer was kept low (x < 0.02) and (almost) all samples 
were grown below the critical layer thickness, thereby avoiding the formation 
of misfit-dislocations. Special attention was directed towards the temperature 
dependence of the dominating non-radiative recombination processes, which 
merely took place at the interfaces. 
We have used Alo.20Gao.80As and Alo.35Gao.65As cladding layers for in­
terfacial passivation and confinement of the carriers to the GaAsi-^Px and 
Alo^oGao.eoAsi-xPx active regions respectively. 
8.2 Experimental Details 
All DHSs were grown on Si-doped (100) 2° off towards [100] GaAs sub­
strates by low-pressure (20 mbar) MOVPE. The source gases were trimethyl-
aluminium (TMA), trimethylgallium (TMG), arsine (АвНз) and phosphine 
(PH3). For the Alo.20Gao.80As /GSLAS\-XPX D H S S the growth temperature 
was Τ = 680°C and the V/HI ratio was 125, while for the Alo.35Gao.65As 
/Al0.2oGao.8oAsi-xPx DHSs: Tgrowth = 720°C and V/III = 225. 
For both configurations, sets of samples with varying thicknesses were 
grown with different phosphorus concentrations. The DHSs can be grown 
lattice-mismatched up to a thickness where the resulting strain can be accom­
modated by deformation of the unit cell. This thickness is called the critical 
layer thickness (hcrit)· Above this thickness, the elastic energy is released by 
the formation of misfit-dislocations acting as centres for non-radiative recom­
bination (see Section 2.6) and as a source for multiplication of defects. The 
phosphorus concentrations ranged between χ = 0.00 and χ = 0.02. The phos­
phorus concentrations were determined by X-ray diffraction measurements, 
which give the strain in the active layer, and by photoluminescence spec­
troscopy, which measures the effect of both strain and phosphorus incorpora­
tion. With PL-spectroscopy the material quality was checked to control the 
run-to-run reproducibility of the samples. 
For the Alo.20Gao.80As /GaAsi-zPa; DHSs a set of samples with vary­
ing thicknesses were grown for P-concentrations of 0.000, 0.011, 0.015 and 
0.019. Figure 8.1 shows these conditions, together with the theoretical critical 
layer thickness versus phosphorus concentration, obtained from the general 
transcendental formula of van de Leur et al. [12]. For the Alo.20Gao.80As 
/Alo^oGao.soAsi-xPa; DHSs two different values of the active layer thick-
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Figure 8.1: PZoi o/ critical layer thickness (as determined by van de Leur et 






ness were made (d = 0.20 μπι and d = 0.33 μηι) at phosphorus concentra­
tions of 0.000, 0.013, 0.017 and ~ 0.022. All phosphorus contents are accu­
rate within ±0.001. However, the latter value (χ ~ 0.022 in Alo.20Gao.80As 
/Alo.20Gao.80As1_a.Px ) is far less accurate because it could not be obtained 
from X-ray diffraction measurements. The value of χ ~ 0.022 is determined 
from the amount of phosphine is the gas phase of the growth procedure. 
In order to further investigate in what sense the change in the measured 
lifetimes was connected to the configuration at the interfaces of the strained 
DHSs, three other samples were grown in addition to the abovementioned 
DHSs: 
• An Alo.20Gao.80As /GaAs DHS with a well-defined concentration of 
phosphorus at the interfaces to investigate if the change in lifetime with 
respect to phosphorus concentration was due to passivation of the inter­
face layer (as is the case at GaInP2/GaAs layers (see Ref. [13] and Chap­
ter 2)), or to the induced strain at the interfaces: During the switch-over 
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 (x = 0.019) active 
layers with thicknesses (a) below and (b) above the critical layer thickness. 
from Alo.2oGao.8oAs layer to the active layer (and vice versa) the growth 
was interrupted and phosphine was let in. In this way the interface was 
saturated with P, while no strain was introduced in the active layer. For 
convenience, we refer to this structure as sample A. 
• Also, an Alo.35Gao.65Asi_xPœ/Alo.2oGao.8oAs DHS (x ~ 0.022) in which 
the active layer thickness was d = 0.3 μπι was grown. In this case only 
the barrier layers contain phosphorus. This DHS is later refered to as 
sample B. 
• A DHS which contains phosphorus both in the active and barrier layers 
(Alo.asGao.esAsi-xPx/Alo^oGao.soAsi-xPa: , χ ~ 0.022, d = 0.3 μπι), 
which will be designated sample C. 
Both the cladding layers and active layers were nominally undoped. For the 
series of DHSs and for the additionally grown structures the activation energies 
of the non-radiative multiphonon transitions were obtained by measuring the 
minority-charge carrier lifetime as a function of the sample temperature, which 
was varied from room-temperature to Τ ~ 120 K. 
8.3 Results and Discussion 
In Fig. 8.2 two photoluminescence measurements of the GaAsi-^Pa (x = 
0.019) active layer are shown with thicknesses below (Fig. 8.2a; d = 0.25 μπι, 
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r = 75.3 ns) and above (Fig. 8.2b; d = 1.0 μπι, r=19ns) the critical layer 
thickness. A clear exciton splitting, indicative of good material quality is seen 
at E ~ 1.53 eV in Fig. 8.2a. Exciton and acceptor related photoluminescence 
from the GaAs buffer layer are seen around 1.515 and 1.49 eV, respectively. 
Acceptor related photoluminescence from the GaAsP layer appears around 
1.505 eV. From the shift of the exciton energies of the strained layer with re­
spect to that of the GaAs buffer χ was determined to be 0.019 and the stress 




ь = -7.2 .Ю - 4 . In Fig. 8.2b no exciton-splitting 
can be observed. This is caused by a relaxation of the lattice through misfit-
dislocations in accordance with the low lifetime of this sample. 
The PL-decay times, that are measured at room-temperature, are shown in 
Table 8.1 for the Alo.20Gao.80As /GaAsi-χΡα, DHSs and in Table 8.2 for the 
Alo.35Gao.65As /Alo^oGao.soAsi-zPa; DHSs. The additionally grown struc­
tures showed the following lifetimes: sample Α: τρι = 3 ns, sample Β: τρι ~2 
ns and sample C: TPL = 6 ns. 
With reference to Table 8.1 an indication of the bulk-GaAs lifetime can 
be obtained via the d = 1.0 μπι and the d = 3.0 μπα thick DHSs at x=0.000. 
Their lifetimes of TPL = 726 ns and TPL = 1-5 ßs, respectively, are indicative 
of excellent material quality, as was also confirmed by the PL-spectra (see 
Fig. 8.2). 
The lifetimes of the samples with d > hcr%t showed spatial fluctuations. There-
fore, the underlined decay times are less accurate. The lifetimes of these sam-
ples were low, compared with the GaAs/Alo.2oGao,8oAs samples of d = 1.0 μπι 
and d = 3.0 μπι. They also exhibited a lower PL-intensity. If we estimate 
the hole diffusity at D c¿ 10 cm2/s and the minority-charge carrier lifetime at 
Tdisioc — 20 ns, the dislocation density is Nd ~ 106 cm - 2 (see Ref. [14] and 
Section 2.6), which is a reasonable value for this type of sample. 
Figure 8.3 shows the behaviour of the measured photoluminescence life-
times as a function of temperature for the d = 0.20 μπι and d = 0.33 μπι 
thick Alo.20Gao.80As /GaAsi-zPa; DHSs for which χ = 0.015. When the tem­
perature decreases, the lifetimes for the DHS with an active layer thickness 
of d = 0.20 μπι first increases, from room-temperature to Τ ~ 200 K, due to 
dominant non-radiative transitions. Below Τ ~ 200 К the radiative lifetime 
gains in importance. However, for the structure with an active layer thickness 
of d = 0.33 μπι only a very slight increase of the decay-time is observed (from 
room-temperature to Τ -ν 270 К), while at lower temperatures the radiative 
transitions dominate. This figure again demonstrates that the recombinations 
at the interface determine the composite lifetime at room-temperature (see 
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also Section 3.3). Therefore, the increase in the measured lifetimes of the 
DHSs with d = 0.20 μπι thick active layers with increasing phosphorus con­
tent can indeed be subscribed to a lower surface recombination velocity (see 
Table 8.1). From the measured PL-lifetimes of Fig. 8.3 an activation energy of 
Eact = (224 ±11) meV is determined for the onset of the interface recombina­
tion. The measured lifetimes of the d = 0.33 μτα sample could be fit with the 
equation for radiative decay (Eq. 2.25) in which the temperature was raised 
to the power -1.82. 
Figure 8.4 shows an Arrhenius plot of the measured lifetimes for sam­
ple С (АІо.збСао.ббАзі-хРя/АІо.гоСао.воАві-яРа; , χ ~ 0.022). In this case 
the lifetime increases with decreasing temperature over almost the entire tem­
perature range (from room-temperature to Γ ~ 150 K). An activation energy 
of E
act = (132 ± 5) meV is revealed in this case. 
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Figure 8.3: Dependence of the measured photoluminescence lifetimes on tem­




 DHSs with χ = 0.015 and active 
layer thicknesses of d = 0.20 μτη (О) and d = 0.33 ßm (Φ). The lines are 
fits according to Eq. 2.33. 
The measured activation energies for all the Alo.20Gao.80As /GaAsi_a;P
x 
and Alo.35Gao.65As /АІо.гооао.воАзі-хРа; DHSs are shown in Table 8.3. For 
the special samples the activation energies were as follows: sample A: E
act = 
(133 ± 25) meV, sample B: E
act = (58 ± 2) meV and sample C: Eact = 
(132 ±5) meV. All the lifetimes, measured as a function of temperature, follow 
the expected behaviour described in Chapter 2 for radiative (Eq. 2.25) and 
non-radiative (Eq. 2.32) recombination. 
On the basis of the measured PL-lifetimes of the other Alo.20Gao.80As 
/GaAsi-zPz DHSs with d < 0.60 μτα the interface recombination velocity is 
calculated as a function of phosphorus content using Eq. 2.34. A remarkable 
decrease in S is found upon enhancing χ (from S = 8400 cm/s at χ = 0.000 to 
S = 220 cm/s at χ = 0.019). This is also apparent by considering all the DHSs 
with d = 0.2 μϊη. For these relatively low-doped samples (n ~ 1 χ 1016 c m - 3 ) 
the surface recombination velocity determines the measured photolumines-
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Figure 8.4: Arrhenius plot of the photoluminescence lifetimes of sample C. 
An activation energy of E
ac
t = (132 ± 5 ) me V is deduced from the best fit 
through the data-points. 
cence lifetimes (see Section 3.3). Therefore, the enhancement of TPL upon 
increasing χ reflects the decrease in interface recombination velocity. 
For the Alo.35Gao.65As /Alo.2oGao.8oAsi_a:P
x
 DHSs this effect is far less clear 
(see Table 8.2). The increment of the measured lifetime upon increasing phos­
phorus concentration is less prominent. This is most probably due to the 
very low bulk-lifetime in Alo.20Gao.80As as compared with GaAs, which is 
caused by a high concentration of oxygen-related defects, generally present 
in AlxGai-xAs samples (see Chapter 4). This lower bulk-lifetime masks the 
decrease of the interface recombination velocity which may be present. 
The sample with the phosphorus concentration at the interfaces (sample A) 
showed a lifetime of TPL = 3 ns, which indicates that the decrease in S is not 
due to any passivating effect of phosphorus in these samples. However, also 
for samples В and С no increase in PL-lifetime was found, which is probably 
again due to the higher aluminium content in the active layer of these samples. 
More valuable information is obtained if the activation energies for the onset 
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Table 8.3: Activation energies connected to the onset of non-radiative 
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The measured activation energies definitely increase if the phosphorus concen­
tration in the active layer is enhanced as is shown in Table 8.3. In both cases, 
for the GaAsi-ζΡχ and Alo.20Gao.80As1_a.Pa. active layers, an increase in acti­
vation energies of more than a factor two is observed in going from the lowest 
to the highest content of phosphorus. An exception is the decrease in E
ac
t at 




DHSs. However, as already mentioned, the value of this concentration was 
rather inaccurate (x ~ 0.022). Sample A, in which no strain is present, shows 
Eact = (133 ± 25) meV. This value is, within error limits, comparable to that 
of the unstrained Alo.20Gao.80As /GaAs DHS (see Table 8.3). The activation 
energies that were found for samples В and С are both higher than those 
measured for the Alo.35Gao.65As /Alo.2oGao.8oAsi_
x
Pa: DHSs. We, therefore, 
attribute the increase in E
ac
t to the influence of strain on the recombination 
centres at the interfaces. The higher barriers around the recombination cen­
ters lead to the observed higher lifetimes for minority-charge carriers and to 
the lower values for the interface recombination. 
Following Section 2.4.2, a higher thermal activation energy for the onset of 
the non-radiative MPE process is caused by a change in the lattice relaxation 
118 Minority-Charge Carrier Lifetimes in ... 
energy, EM = Shu, or a difference in the binding energy of the electron to the 
defect EQ. According to Ridley [15] and Stoneham [16] the Huang-Rhys pa­
rameter S, which describes the coupling of the defect electron to the acoustic 
phonon modes (deformation potential coupling), is proportional to the strain 
in the lattice. It should, however, be noted that strain can also cause a shift in 
the binding energy EQ of the deep level. Strain-induced changes in the band 
structure reflect the properties of deep states present in the strained layer. 
Since deep states can be composed of wavefunctions that originate from many 
bands within the Brillioun zone, any change of the band arrangement affects 
the deep state properties [17]. This is demonstrated by Jenkins et al. [18] who 
calculated the effect of uniaxial stress on the energy levels of deep substitu­
tional impurities in III-V compounds and showed that they are shifted and 
sometimes split with respect to their positions in the unstrained case. 
It should be noted that the effects of the coupling of the defect electron to the 
local modes is neglected in the discussion above. The presence of a defect in a 
lattice affects the phonon modes and their frequencies. Especially in the case 
of localised defects (defects with compact wavefunctions) the defect is strongly 
affected by the motion of only a few of its neighbours. 
Because, at this moment, both EQ and the 'unstrained' value of Ем are not 
known for the dominant recombination centres in this case, a more quantita­
tive description of the value of E
ac
t at different strain levels is not be given 
here. 
The decrease of the interface recombination velocity with increasing strain, 
especially visible at the Alo.20Gao.80As /GaAsi-^P^. DHSs, is now explained 
by the increase in activation energy. In Section 3.3 it was shown that for rea­
sonably low doped samples (n < 1 χ IO16 c m - 3 ) the interface recombination 
velocity almost always determines the overall lifetime. A measured activa­
tion energy can then be attributed to a non-radiative recombination channel 
present at the interface (as is clearly shown in Fig. 8.3 and, before, in Fig. 3.4). 
Therefore, the difference in interface recombination velocities is caused by the 
change in thermal activation energy for the onset of recombination at the in­
terfaces. 
8.4 Conclusions 
We have observed a definite decrease of the interface recombination velocity 
for Alo.20Gao.80As /GaAs double heterostructures that are strained by addi­
tion of relatively low concentrations of phosphorus. For the Alo.35Gao.65As 
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/Alo,2oGao.8oAsi_xPx DHSs this effect was far less pronounced, which is due 
to the higher bulk-recombination in these structures. However, temperature 
dependent lifetime measurements revealed a change in the activation energy of 
Alo.20Gao.80As /GaAsi-^P^ and Alo.35Gao.65As /Alo.aoGao.soAsi-^Px DHSs, 
if strain in the active layer is increased. It is shown that the enhancement 
of the lifetimes in the thinner DHSs is not due to the passivating effect of 
phosphorus at the interfaces. We attribute the increase in thermal activation 
energy to the decrease of the electron-lattice coupling with increasing strain. 
This activation energy is responsible for the lowering of the interface recom-
bination velocity. 
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Chapter 9 
Re-use of GaAs Substrates 
for Epitaxial Lift-off III-V 
Solar Cells 
9.1 Introduction 
The epitaxial lift-off (ELO) method is generally considered to be very suitable 
for separation of a thin epi-layer from its substrate. The method is very gentle 
and hardly affects the substrate. This chapter demonstrates that substrates 
can be used several times without loss of epi-layer quality and that the free thin 
film can be successfully mounted on a glass plate. Detachment of the active 
solar cell area from the underlying passive GaAs substrate gives a number of 
important advantages over thick III-V solar cells [1,2]. First of all, re-use of 
the substrate after the ELO would lead to a significant reduction in the costs 
of these solar cells. Secondly, the thin (~ 4 μπι) ELO GaAs solar cell is able to 
obtain an energy to weight ratio of 670 W/kg which is at least a factor of two 
higher than that of any other type of solar cell [3]. Removal of the substrate 
also leads to an enhanced photon recycling factor, φ, which in turn multiplies 
the effective radiative minority-charge carrier lifetime [4]. Finally, a higher 
efficiency can be obtained by new combinations of materials in a mechanically 
stacked tandem solar cell. 
Based on the current costs of GaAs substrates (approximately $ 100 for 45x45 
mm
2) and the data of Alsema et al. [3] for the cost of MOVPE equipment and 
MOVPE materials it can be shown that the total GaAs cell cost would decrease 
by a factor of five if the substrate could be re-used ten times. An advantage 
over other processes is that, due to the extreme selectivity of the HF etch, the 
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GaAs substrate surface is almost completely unaffected by the lift-off process. 
For example, in the CLEFT process [5] the substrate remains physically intact 
but pieces of the epi-layer are left on the substrate which makes substantial 
mechanical polishing necessary. This certainly limits the number of re-uses. 
In this chapter, it is first shown that removal of the substrate and the 
subsequent mounting of the epi-layer on a glass plate leads to an enhanced 
PL-lifetime, due to the higher photon recycling factor. After this, a system­
atic investigation of basic material properties of GaAs epitaxial films grown 
on re-used GaAs substrates is presented. The relation between the material 
properties of the ELO-fllms and the number of times a substrate is used is 
investigated. The most important parameter in solar cell material is the car­
rier diffusion length, which is the square root of diffusion constant times the 
lifetime: L = У/DT. The diffusion constant is proportional to the mobility, μ, 
via the Einstein relation. Therefore, both the lifetime and the mobility were 
measured as a function of the number of times that a substrate is used. 
Special DHSs were grown as lift-off layer to measure the lifetimes of the 
grown layer. It is expected that when high lifetimes are measured in these 
DHSs also the quality of the re-used substrate is satisfying. 
9.2 Enhancement of the Photon Recycling Factor 
For a free standing film of GaAs, the internal reflection of light is higher than 
for a film which is still attached to its substrate. The trapping of light will 
lead to a higher chance of re-absorption, what is expressed in the photon re­
cycling factor. In order to investigate the influence of the difference in light 
trapping due to a change in refractive indices of the backside barrier layer and 
the material which supports the DHS (i.e. the substrate, in most cases), an 
Alo.2oGao.8oAs /GaAs DHS with an active layer thickness of d = 2.0 μνη and 
a doping level of η = 1 χ IO1 7 c m - 3 was grown. The values of the active layer 
thickness and doping level were chosen to meet those of the η-type base in 
a GaAs solar cell. The structure was grown by metal-organic vapour phase 
epitaxy (MOVPE) at a pressure of 20 mbar with pure arsine, trimethylgal-
lium and trimethylaluminium as precursors. The structure was grown on a 
(100) 2° off towards [110] GaAs substrate. The wafer on which the DHS was 
grown was divided into four different samples. The first sample (A) is just the 
abovementioned DHS in order to measure the as grown PL-lifetime. From the 
second sample (B) the substrate was etched away with citric acid (thinned) 
and the remaining DHS film was subsequently mounted on a glass plate by 
van der Waals bonding. The DHS from part three (C) was relaxed from the 
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Table 9.1: Results of the room-temperature photoluminescence lifetimes of 
the samples Α-D, described in the text. Also shown are the photon recycling 
factors calculated on the basis of the η = 1 χ 1017 cm3 doping concentration 
















substrate by ELO with an HF (10%) etch and also mounted on a glass plate. 
From sample D a considerable part of the substrate was etched away to obtain 
a free-standing film, supported by a remaining ring of the substrate. 
The results of the measured photoluminescence lifetimes, together with their 
corresponding photon recycling factors are shown in Table 9.1. On the basis 
of the doping level of the DHS and the radiative recombination constant for 
GaAs (B = 1.4 χ I O - 1 0 cm3/s) the calculated radiative lifetime of this sample 
is T
ra
d — 75 ns. In Chapter 3 it is argued that relatively highly doped sam­
ples with active layer thicknesses of d > 2.0 μπι the lifetime is most probably 
controlled by radiative transitions. A measurement of the PL-decay times 
against temperature of this DHS indeed proved this assumption, the result is 
shown in Fig. 2.3. The measured lifetime of TPL = 129 ns for sample A is 
significantly higher than the expected radiative lifetime and, hence, indicative 
of photon recycling, with φ ~ 1.7. 
Table 9.1 shows that for both the DHSs mounted on a glass plate (samples В 
and C) the lifetime further increases. This is due to the higher difference in 
refractive index of the Alo.20Gao.80As barrier layer (n = 3.59) and the glass 
plate (n = 1.5) compared with that of the GaAs substrate (n = 3.4). The 
critical angle, 0cr¿t, for total internal reflection at the interface, decreases from 
Qcrit = 72°, if the DHS is attached to the substrate, to
 сг
ц = 25° for a DHS 
mounted on glass. Considerably more photons are reflected at the backside 
barrier layer in the case of a DHS mounted on a glass plate and, therefore, 
more photons are reabsorbed, which leads to a higher lifetime. Notice that 
photons that transmit the Alo.20Gao.goAs /substrate interface in the case of 
sample A (normal substrate-DHS configuration) will be reflected at the sub­
strate/air surface (
 сг
ц = 15°). However, almost all photons are absorbed in 
the ~ 300 μπι thick substrate. Hence, together with a higher reflectivity at the 
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interfaces the absence of an absorbing substrate is a condition for the photon 
recycling process. The photon recycling factors, deduced from the measured 
PL-lifetimes, are comparable: φ = 3.6 and φ = 3.9 for samples В and C, 
respectively. 
In the case of the free-standing film the substrate is completely removed. The 
refractive index of the air (n = 1) is lower than that of glass and the critical 
angle decreases accordingly (
 ст
ц = 15°). The radiative lifetime is now en­
hanced by a factor of φ = 5.9. 
It should be noted that the enhancement of the measured PL-lifetime is gen­
erally limited by the non-radiative recombinations in the bulk and at the 
interfaces. Following Eq. 2.12, the SRH-lifetimes of these processes set a 
maximum to the measured lifetime, independent of the photon recycling fac­
tor. If, for example, the composite lifetime of the non-radiative processes is 
Tnrad = 1-0 /ÍS the photon recycling factor is φ ~ 10 in the case of sample D. 
The photon recycling factors, that are presented in Table 9.1, are calculated 
under the assumption that the composite lifetime of the non-radiative pro­
cesses (bulk and interface recombination) is infinite. In reality, rnm(¿ is not 
infinite and the photon recycling factors will thus be higher. On the other 
hand a low non-radiative lifetime will mask the beneficial effect of the in-
creased photon recycling factor completely. Notice that in the case of the 
Alo.2oGao.8oAs /GaAs DHS, that is grown in this experiment, the interface 
recombination velocity is definitely lower than that of the ~ 1017 cm - 3 doped 
Alo^oGao.eoAs /GaAs DHSs studied in Chapter 3. The surface lifetime for an 
equally doped d = 2.0 μτη thick active layer is r
s
 ~ 50 ns and would certainly 
have limited the measured PL-lifetimes in Table 9.1. 
We conclude that the photon recycling factor is remarkedly enhanced if the 
DHS is attached on a glass plate by van der Waals bonding and even more 
in the case of a free-standing film. A higher minority-charge carrier lifetime 
increases the solar cell efficiency. However, to gain full benefit of this en­
hancement the non-radiative lifetimes should be long. This indicates that 
no significant non-radiative recombinations are introduced if the films are 
treated by the ELO-process, which shows that thin films can be successfully 
separated from the substrate and mounted on a glass plate without corrosion 
of the material. 
9.3 Re—use of Substrates 
In order to investigate the possibility of re-use of the substrate after the ELO-
process, another set of samples was required. The structures that were grown 
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Figure 9.1: Structures used for (a) mobility measurements and for (b) deter­
mination of minority-charge carrier lifetimes. The active layers had a thick­
ness of d = 1.0 μm. Structure (a) is η-type with η = 2 χ IO1 8 cm~3, whereas 
the active layer of the DHS was unintentionally doped at η ~ 1014 cm"3. 
in order to determine the mobility and minority-charge carrier lifetime as a 
function of the number of re-uses are schematically shown in Fig. 9.1. 
The growth conditions for these structures were the same as those de­
scribed in the preceding section. As is shown in Fig. 9.1, two different struc­
tures were grown: one for mobility (Fig. 9.1a) and one for lifetime measure­
ments (Fig. 9.1b). In both structures the thickness of the active layer was 
d = 1.0 μπι. The structure used for the mobility measurements was n-
type doped at η = 2 χ IO1 8 c m - 3 , whereas the DHS was not intentionally 
doped (n ~ 1014 c m - 3 ) in order to monitor the influence of the re-use on the 
non-radiative recombination times more clearly. The DHS again consisted of 
Alo.2oGao.8oAs cladding layers and was grown on top of a GaAs buffer layer 
(used both for the enhancement of the lifetimes and to protect the DHS from 
the etch). Both the structures were grown on an Alo.85Gao.15As release layer 
(with a thickness of 50 nm) which was etched away in the process. 
Each time after the growth of a new DHS, the structure was freed from the 
substrate by ELO and part of it was mounted on a glass plate as in Section 9.2. 
Whenever a new DHS was grown on the substrate also a new substrate was 
placed in the reactor cell. With the results of the lifetime measurements on this 
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so-called reference sample it is possible to ensure whether changes in lifetime 
are due the deleterious effect of the repetitive re-uses, or to the differences in 
growth conditions. Hence, each growth series supplied a) one new DHS, grown 
on the re-used substrate, b) one reference sample and c) the same new DHS 
as in case a), but now mounted on a glass plate via the ELO-process. For 
the mobility structures both the carrier concentrations and mobility are de-
termined by Hall-Van der Pauw measurements. Note that in this way the Hall 
majority-charge carrier mobility is measured, whereas the diffusion length, L, 
is related to the minority-charge carrier drift mobility. However, the mea-
sured Hall mobility provides a good indication of the electrical quality of the 
material and is proportional to the minority-charge carrier drift mobility. 
9.3.1 ELO-procedure 
The ELO method, which is previously described in Ref. [1], was used to sepa-
rate the epi-layers from their substrates. In short, the Alo.85Gao.15As release 
layer was selectively etched away with 10 % HF in water at room-temperature. 
A temporary support in the form of a flexible plastic foil together with Apiezon 
wax was used to release the layer from the substrate (see Fig. 9.2). An im-
provement over the ELO-process described in Ref. [1] is the use of a flexible 
foil to which a weight is connected. In this way the rate of underetching by 
the aqueous HF solution is enhanced. The gold film between the device and 
wax serves as a support for the device. With help of the gold film and by 
applying the etch to only one side of the structure (see Fig. 9.2) the curvature 
of the film can be controlled, independent of film size. This control enables the 
detachment of large GaAs films without cracks {A = 38x42 mm2), in contrast 
to earlier reports which mention crack free areas of only a view mm2 [6]. The 
gold layer can, of course, also be etched away after the film is released, but 
a more economical approach is to use this gold layer as an electrical contact 
to the device. Further improvements of the ELO-procedure are presented in 
Ref. [7]. 
9.3.2 Preparat ion of the Substrates 
The principle step in the ELO-procedure, i.e. the separation of the film from 
its substrate, is based on the extreme selectivity of the aqueous HF solution [6]. 
The etch-rate of this solution for the Alo.85Gao.15As release layer is about 10r 
times higher than for GaAs. So, in principle, the GaAs substrate should be 
unaffected by this etchant although it is in contact with the solution for 36 
hours at maximum, in the case of a 2 inch substrate. 
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Figure 9.2: Construction used for the ELO-process. A weight is connected 
to the flexible foil, to enhance the etching process. Between the foil and the 
device a wax-layer and a small gold layer are deposited. The HF etch works 
on one side of the structure. 
After separating the film and substrate, the latter was etched a few seconds 
with NH4OH : H2O2 : H 2 0 = 2 : 1 : 10 (for convenience, the etch will be ref-
ered to as 2:1:10). At this process a layer of 50 to 100 nm is etched away. 
After this, the normal cleaning method used for new substrates was followed. 
DHSs grown on used substrates, that were slightly etched, showed far higher 
PL-lifetimes. The DHS on the substrate, which was not etched, showed an 
effective lifetime of only τρι = 2 ns indicating the poor quality of the mate­
rial. If, however, the substrate is dipped in the 2:1:10 etch the PL-lifetime is 
TpL = 1.0 /ÍS, which is a very reasonable lifetime for this doping concentra-
tion (see Chapter 3). These results indicate that the dip in the 2:1:10 etch is 
necessary in order to obtain good material quality and that the quality of the 
material grown on a re-used substrate is good. 
The re-use of substrate is further dependent on the amount of surface 
damage induced by the repetitive ELO-processes and use of the 2:1:10 etch. 
To investigate this, the surface roughness of substrates with different surface 
treatments was measured with a two dimensional optical step profiler. These 
experiments are well described in Ref. [7]. The surface shows a remarkable flat-
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ness after subsequent ELO-processes. After simulation of 10 ELO-procedures 
it is still smooth enough to grow mirror-like epi-layers on it. This implies that 
from a morphology point of view the ELO-process, followed by a dip in the 
2:1:10 solution, does not degrade the surface. 
9.4 Results and Discussion 
The results of the lifetime measurements are listed in Table 9.2. The decay-
times of the reference samples, shown in the second column of Table 9.2, range 
from TpL = 594 ns to τρι = 2.45 μδ, which is indicative of reasonably good 
material quality. The lifetimes of the DHSs that are grown on the re-used 
substrate show quite similar values. No significant decrease of the lifetime is 
seen if the substrate is used again. The results indicate that the lifetimes of 
the DHSs on the re-used substrate reflect the growth conditions of the reactor: 
the decay-times of the DHSs on old substrates follow those of the reference 
samples. 
In contrast to the results of Section 9.2, no increase of the PL-lifetimes is 
found if the DHSs are separated from the substrate and mounted on a glass 
plate. However, the expected radiative lifetime for a η ~ 1014 c m - 3 doped 
sample is TTa¿ ~ 75 μ&. All the lifetimes depicted in Table 9.2 are far below 
this value. Therefore, in all cases the decay in the DHSs was predominantly 
non-radiative. Thus, the increase according to a higher φ for the samples on 
the glass plate is masked by the lower non-radiative lifetime as was discussed 
in Section 9.2. 
However, in both cases the non-radiative lifetimes do not decrease. No addi­
tional non-radiative recombination channels are introduced in the process of 
separating the thin film from the substrate and mounting it on the glass plate. 
Table 9.3 shows the results of the majority-charge carrier mobilities as a 
function of substrate re-usage. To be able to compare these values of the 
mobility at different carrier concentrations the experimentally obtained values 
are compared with the expected results of the ideal case, which are calculated 
with help of the simulation programme PC-ID [8]. This programme provides 
an interpolation between (the best) values of the Hall mobility as a function 
of carrier concentration. The calculated values are shown in Table 9.4. 
The mobilities of the samples grown on the re-used substrate are, except for 
the last case, all similar to the calculated values. Therefore, one can conclude 
that the electrical quality of the material is and remains very good. 
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Table 9.2: Results of the photoluminescence lifetimes, measured at room-

























(*by accident the reference sample of the first re-run was not available). 
Table 9.3: Room-temperature measurements of the carrier concentrations, 
together with the majority-charge carrier mobilities as a function of the num­








cone, (cm - 3 ) 
2.86 χ 101 8 
3.26 x 101 8 
3.76 χ 101 8 
2.59 χ 101 8 
Mobility 





Table 9.4: Calculated values of the majority-charge carrier mobilities as a 
function of carrier concentration for the ideal cases. The results are obtained 
with the PC-ID simulation programme [8]. 
Carrier 
cone, (cm - 3 ) 
2 x IO1 8 
3 x 1018 
4 χ 1018 
Mobility 
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9.5 Conclusions 
In this chapter both the quality of thin films, separated from the substrate 
by the ELO-process, and the possibility of re-using the substrate after the 
ELO-process have been studied. 
It is shown that the DHSs can be successfully released from the substrate and 
mounted on a glass plate, i.e. without the introduction of extra defects. Fur-
thermore, the photon recycling factor increases, due to the enhanced difference 
in refractive indices of the backside barrier layer and the material on which 
the DHS resides. Similar results are found in Ref. [2]. The enhancement in the 
lifetime is far less clear if the non-radiative lifetime is dominant. Therefore, 
the non-radiative lifetimes should at least be higher than the radiative lifetime 
to make an efficient use of the photon recycling effect. 
With the introduction of a flexible foil, using a weight to adjust the right cur-
vature of the film, and the placement of a gold film between wax and flexible 
foil, crack free thin films as large as 38x42 mm2 (the area of the gold plate) 
out of a 40x45 mm2 substrate could be released. 
By measuring the lifetime of the minority-charge carriers and the mobility of 
films grown on re-used substrates and comparing them with reference samples 
it was shown that the quality loss of the film is marginal. The PL-lifetimes 
of the DHSs on re-used substrates are more sensible to fluctuations in growth 
conditions than to the number of re-uses. The electrical properties of the films 
grown on re-used substrates were excellent and showed no degradation at all 
compared with films grown on new substrates. 
The presented experimental results show that the ELO-method for separating 
thin films from their substrates indeed can be used for large area devices like 
solar cells. It is shown that substrates can be re-used, thereby considerably 
reducing the costs of III—V solar cells. 
The authors are greatly indebted to G.J. Bauhuis for performing the elec-
trical measurements and to P.C. van Rijsingen and E. Dijk for processing the 
samples. 
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Summary 
The minority-charge carrier lifetime is an important parameter in the deter­
mination of the conditions for optimum material quality of opto-electronic de­
vices. In this thesis the measurement of the minority-charge carrier lifetime for 
various III-V semiconductors ( аІпРг, GaAs, Al
x
Gai_zAs, and GaAsi-^Pa;) 
is reported. 
The photoluminescence decay-curves, from which the lifetimes are infered, 
are determined with help of the Time-correlated Single Photon Counting (TC-
SPC) technique. Chapter 1 describes the experimental arrangement of the 
TCSPC instrument and discusses its statistics, precision and resolution. 
Chapter 2 deals with the various possible decay mechanisms in a semicon­
ductor structure: radiative decay, Shockley-Read-Hall recombination (in the 
bulk and at the interfaces), recombination at misfit-dislocations and Auger-
recombination. Radiative and non-radiative recombination processes each 
have their own characteristic dependence on both temperature and injection 
intensity. Therefore, by varying the temperature and/or excitation density of 
a semiconductor the influences of the decay mechanisms can be separated. 
Chapter 3 describes lifetime measurements on AL,;Gai_
x
As/GaAs dou­
ble heterostructures (DHS), a configuration in which a lower band-gap layer 
(active layer) is sandwiched between layers with a higher band-gap (barrier 
layers). The influences of both the doping level in the active layer and the 
aluminium fraction in the barrier layers on the bulk-lifetime and the interface 
recombination velocity are studied. Temperature dependent measurements in­
dicate that, in most cases, the interface recombination velocity (S) determines 
the non-radiative decay. Furthermore, the importance of intensity dependent 
measurements is well established, as the true minority-charge carrier lifetime 
is only revealed at very low excitation densities. The last section of this 
chapter is devoted to the performance of a solar cell structure grown at our 
department. 
In Chapter 4 the measurement of very high lifetimes (тъ ік = 8.8 μβ) and 
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a low interface recombination (S = 6.5 cm/s) in Al^Gai-yAs/AlxGai-xAs 
DHSs (y = 0.20.x = 0.10) is reported. It is the first time that radiatively 




As. Both the bulk-lifetime and 
interface recombination velocity rapidly decrease as the aluminium content is 
increased. 
The behaviour of lifetimes in GalnPg is the subject of Chapters 5, 6, and 7. 
Under certain conditions of growth, virtually all pseudobinary III-V alloys 
exhibit regions of monolayer superlattice ordering, which causes a band-gap 
reduction. The ordered state of GaInP2 has a particular large band-gap re­
duction with respect to disordered GaInP2. In Chapter 5 these growth condi­
tions are determined and a band-gap reduction of 60 meV is reported. Also, 
disordered-ordered GaInP2 DHSs are grown and large lifetimes {jpi, ~ 1 μβ) 
are reported for this configuration. In Chapter 6 the minority-charge car­
rier lifetime in disordered GaInP2 DHSs with different barrier layers is in­
vestigated. For the active layer microsecond lifetimes, close to the radiative 
limit, are reported. The interface recombination velocity strongly increases 
with the aluminium content in the barrier layers. Chapter 7 describes time-
resolved measurements on ordered GaInP2· The decay in ordered GaInP2 is 
predominantly non-exponential and involves localised holes. Both our data 
and literature data can be explained by Type II recombination within the nom­
inally ordered layer and a Type II band line-up for the ordered and disordered 
GaInP2 layers. 
In Chapter 8 measurements on non lattice-matched DHSs are presented. 
A definite decrease of S in Alo.20Gao.80As/GaAs DHSs that are strained by 
the addition of relatively low concentrations of phosphorus is observed. For 
strained Alo.35Gao.65As/Alo.20Gao.goAs DHSs this effect is far less pronounced. 
However, for both cases an increase of the activation energy of the non-
radiative interface recombination is revealed if the strain in the DHS is in­
creased. We attribute this increase to the decrease of the electron-lattice 
coupling with increasing strain. 
The last chapter (Chapter 9) is devoted to the re-use of GaAs substrates for 
III-V solar cells. By means of epitaxial lift-off the epi-layer can be separated 
from the substrate. The substrate can than be re-used again. This would lead 
to a significant reduction of the costs of solar energy, since the costs of the 
substrate form ~ 90 % of the total price. Both the mobility and the lifetime 
are studied as a function of the number of re-use of the substrate. It is also 
shown that attachment of the (separated) epi-layer on a glass plate leads to 
an increase in the photon recycling factor. 
Samenvatting 
De levensduur van de minderheidsladirigsdragers is een belangrijke parame­
ter bij het bepalen van de optimale kwaliteit van het materiaal van opto-
electronische componenten. In dit proefschrift wordt de meting van de minder­










De vervalcurve van de fotoluminescentie, waaruit de levensduren worden 
afgeleid, zijn bepaald met behulp van de "Time-correlated Single Photon 
Counting" (TCSPC) techniek. Hoofdstuk 1 beschrijft de experimentele op­
stelling van deze TCSPC techniek en bespreekt haar statistiek, precisie en 
resolutie. 
Hoofdstuk 2 behandelt de verschillende mogelijke vervalmechanismes in 
een halfgeleiderstructuur: stralend verval, Shockley-Read-Hall recombinatie 
(in de bulk van het materiaal en op de scheidingsvlakken), recombinatie aan 
misfitdislocaties en Auger recombinatie. Stralende en niet-stralende recom­
binatie processen hebben ieder hun eigen, karakteristieke afhankelijkheid van 
zowel de temperatuur als de injectie-intensiteit. Door de temperatuur en/of 
de excitatiedichtheid in een halfgeleider te variëren kunnen de invloeden van 
de vervalmechanismes onderscheiden worden. 
Hoofdstuk 3 beschrijft levensduurmetingen aan AlxGai_xAs/GaAs dub-
bele heterostructuren (DHS), een configuratie waarbij een laag met een lagere 
bandkant (actieve laag) is ingesloten tussen lagen met een hogere bandkant 
(barrière lagen). De invloeden van zowel het dopingniveau in de actieve laag 
en de aluminiumfractie in de barrière laag op de bulklevensduur en de recom-
binatiesnelheid aan de scheidingsvlakken worden bestudeerd. Temperatuur-
afhankelijke metingen geven aan dat, in de meeste gevallen, de recombinatie-
snelheid aan de scheidingsvlakken (5) het niet-stralend verval bepaalt. Verder 
is het belang van intensiteitsafhankelijke metingen vastgesteld, omdat de juiste 
minderheidsladingsdragerslevensduur slechts bij zeer lage excitatie- dichthe-
den is bepaald. De laatste paragraaf van dit hoofdstuk is gewijd aan de werking 
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van een zonnecelstructuur welke op onze afdeling gegroeid is. 
In hoofdstuk 4 wordt verslag gedaan van de meting van zeer hoge levensdu-
ren (тьиік — 8-8 μδ) en een lage recombinatiesnelheid aan de scheidingsvlakken 
(5 = 6.5 cm/s) in AljjGai-yAs/AlsGai-xAs DHSn (y = 0.20, ж = 0.10). Het 
is de eerste keer dat in Al^Gai-^As levensduren worden gemeten die gecon-
trolleerd zijn door stralend verval. Zowel de bulklevensduur als de recombina­
tiesnelheid aan de scheidingsvlakken dalen snel wanneer de aluminiumfractie 
wordt verhoogd. 
Het gedrag van levensduren in GaInP2 is het onderwerp van hoofdstuk­
ken 5, 6 en 7. Onder bepaalde 'groei'-condities vertonen bijna alle pseudo­
binaire III-V legeringen gebieden van geordende monolaag-superroosters, wat 
zorgt voor een verlaging van de bandkant. The geordende toestand van GaInP2 
bezit een bijzonder grote verlaging van de bandkant ten opzichte van on­
geordend GaInP 2 . In hoofdstuk 5 worden deze 'groei'-omstandigheden be­
paald en een verlaging van de bandkant van 60 meV wordt gerapporteerd. 
Ook zijn ongeordend-geordende GaInP2 DHSn 'gegroeid' en hoge levensduren 
(τρι ~ 1 ßs) worden gemeten in deze configuratie. In hoofdstuk 6 wordt de 
levensduur van de minderheidsladingsdragers in ongeordende GaInP2 DHSn 
met verschillende barrière lagen onderzocht. Voor de actieve laag worden le-
vensduren van microseconden, dichtbij het theoretisch maximum (stralende le-
vensduur), gemeten. De recombinatiesnelheid aan de scheidingsvlakken stijgt 
met een stijgende aluminium fractie in de barrière lagen. Hoofdstuk 7 be-
schrijft tijdsopgeloste metingen aan geordend GaInP2- Het verval in geordend 
GaInP2 is overheersend niet-exponentieel en brengt gelocaliseerde gaten met 
zich mee. Zowel onze metingen als die uit de literatuur kunnen worden ver-
klaard met behulp van Type II recombinatie in de nominaal geordende laag en 
een Type II bandstructuur voor de geordende en ongeordende GaInP2 lagen. 
In hoofdstuk 8 worden metingen aan DHSn met ongelijke roosterconstantes 
gepresenteerd. Er wordt een duidelijke daling van S in Alo.20Gao.80As/GaAs 
DHSn, welke gespannen zijn door de toevoeging van relatief lage concentraties 
fosfor, waargenomen. In gespannen Alo.35Gao.65As/Alo.20Gao.80As DHSn is 
dit effect minder uitgesproken. In beide gevallen wordt echter een verhoging 
van de activeringsenergie van de niet-stralende recombinatiesnelheid aan de 
scheidingsvlakken waargenomen als de spanning in de DHS verhoogd wordt. 
Wij kennen deze stijging toe aan de verlaging van de electron-rooster koppeling 
bij stijgende spanning. 
Het laatste hoofdstuk (hoofdstuk 9) is gewijd aan het hergebruik van GaAs 
substraten voor III-V zonnecellen. Met behulp van epitaxiale 'scheiding' kan 
de epilaag worden gescheiden van het substraat. Het substraat kan dan worden 
hergebruikt. Dit zou leiden tot een significante verlaging van de kosten van 
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zonne-energie, daar de kosten van het substraat zo'n 90 % van de totale prijs 
uitmaken. Zowel de mobiliteit als de levensduur zijn bestudeerd als functie 
van het aantal keren dat het substraat is hergebruikt. Ook is aangetoond dat 
de hechting van de (gescheiden) epilaag op een glasplaat tot een verhoging van 
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Stellingen, behorend bij het proefschrift: 
Time-resolved Photoluminescence 
Experiments on Different 
III-V Semiconductor Structures 
I 
Bij de beschrijving van een tijdsopgelost fotoluminescentie experiment aan een halfge­
leider dubbele heterostructuur dient zowel de excitatiedichtheid als het dopingniveau 
in de actieve laag (of hun verhouding) vermeld te worden. 
Dit proefschrift, hoofdstukken 2 en 3. 
II 
De door Michler et al. bepaalde Huang-Rhys factoren, gekoppeld aan een niet-
stralend recombinatieproces, berusten op een onjuiste interpretatie van hun meet­
gegevens. 
P. Michler, A. Hangleiter, R. Dieter, and F. Scholz, J. Appi. Phys. 72, 4449 (1992). 
III 
Het verval van de ladingsdragers in η-type geordend GaInP2 is voornamelijk niet-
exponentieel en brengt gelocaliseerde gaten met zich mee. Tijdsopgeloste fotolumi­
nescentie experimenten aan deze structuren kunnen verklaard worden met behulp van 
type II recombinatie in een nominaal geordende laag en een type II bandenstructuur 
voor een geordende/ongeordende аІпРг heterostructuur. 
Dit proefschrift, hoofdstukken 5, 6 en 7. 
IV 
Er bestaat geen karakteristieke activeringsenergie voor de recombinatie van ladings­
dragers aan het Al^Gai-x As/GaAs scheidingsvlak, zoals gesuggereerd door Timmons. 
M.L. Timmons, in "Properties of Aluminium Gallium Arsenide", ed. by S. Adachi 
(Short Run Press Ltd., Exeter, 1993), 235 en referenties hierin. 
Dit proefschrift, hoofdstukken 2, 3 en 8. 
V 
Bij de berekening en bepaling van de "photon recycling" factor in halfgeleider dubbele 
heterostructuren wordt de invloed van een absorberend substraat vaak onterecht niet 
meegenomen. 
Dit proefschrift, hoofdstuk 9. 
VI 
Gezien de in de nederlandse media nauwelijks verhulde teleurstelling over het uitblij-
ven van een dijkdoorbraak ten tijde van de hoge waterstanden in januari 1995 had 
men destijds beter kunnen berichten over een waternoodramp dan over een waters-
noodramp. 
VII 
De relatief hoge concentratie van de nederlandse media rond de hoofdstad brengt een 
objectieve verslaggeving van voetbalwedstrijden in gevaar. 
VIII 
Teneinde de badmintonsport het aanzien te laten verkrijgen dat haar toekomt, ver-
dient het de aanbeveling een verbod tot het uitoefenen hiervan op de camping en het 
strand uit te vaardigen. 
IX 
De continue aanpassingen aan het studiefinancieringsstelsel in Nederland leiden tot 
ongewenste effecten op de studiekeuze van toekomstige studenten. 
X 
Met de vroegere en vooral snellere afschaffing van de dienstplicht bij NATO-bondgenoot 
België tonen onze zuiderburen aan dat zij degenen zijn die niet voldoen aan het beeld 
dat voortvloeit uit de anekdotes die over hen de ronde doen. 
XI 
Teneinde een beter beeld te verkrijgen van de persoon achter de promovendus kan 
men beter de Stellingen in plaats van het Curriculum Vitae verplicht stellen in het 
proefschrift. 
Robert Thomeer, 17 mei 1995. 


